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ABSTRACT

\a

The research conducted under this grant consisted of
three major thrusts: (1) the development of an understand-
ing of the chemical dissolution behavior of fluoride
glasses, (2) the development of guidelines for the forma-
tion of structural models for binary fluoride glasses and
(3) the investigation of fabrication conditions and the
resulting structures for binary fluoride films.

The research was conducted over a span of 4J years.
The results include the development of a comprehensive data
base and model for the corrosion of the three principal
fluoride glass composition systems, and the development of
a theoretical framework for the analysis of the structural
stability of fluoride glass systems based upon microscopic
considerations. The work has yielded nine publications,
with three more in preparation, and has contributed to two
MS theses and two PhD dissertations.
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'' SUMMARY OF RESEARCH PROGRAM

A. Scientific Goals

1. Develop a comprehensive understanding of the mechanisms which
control the chemical corrosion behavior of fluoride glasses.

2. Determine and assess the corrosion behavior of fluoride glasses in a
variety of aqueous environments in order to make valid in-use
lifetime predictions and in order to develop corrosion-resistant

tcompositions.

3. Fabricate single and multi-component fluoride thin films for
applications in integrated optical circuits and in structural
studies.

4. Investigate the structure of fluoride glasses by molecular dynamics
and develop a simple research approach for testing the glass-forming
tendency of combinations of components.

B. Significant Results

Thus far, this work has yielded 9 publications, with 3 more currently in
preparation and 8 lectures given in 1987, alone. This work has also
contributed to 2 MS theses with 2 PhD dissertations.

(a) Chemical Corrosion Studies

In our research under this contract, we succeeded in developing a
fundamental understanding of the chemical processes which control the aqueous
corrosion of fluoride glasses. Our past research led to the development of

I test methods for the contemplated studies and to the collection of a sizeable
data base on the leaching characteristics of fluoride glasses. The results
were classified into 3 families of behavior distinguished by the compositions
of the glasses: (a) Fluorozirconates, (b) Barium-thorium based glasses, and
(c) Uranium-based glasses. *The work culminated in a comprehensive paper,
published in September 1986", which described the corrosion behavior of
fluorozirconate glasses, and presented an analytical model of the major
controlling mechanisms, followed by an additional 4 papers on a more detailed
study of corrosion emphasizing the other systems.

' We continued to analyze the data gathered on the leaching processes of

fluoride glasses and found that the model presented in the fluorozirconate
paper was consistent with the behavior of the other families of glasses. In
addition, studies of corrosion in different pH buffered solutions led to a

* comprehensive understanding of the kinetics of the corrosion process in all
the fluoride-based glasses studied. Four additional papers, listed in the

SC. J. Simmons and J. H. Simmons, "Chemical Durability of Fluoride

Glasses--I, Reaction of Fluorozirconate Glasses with Water," J. Am.
* Ceram. Soc. 69 [9] 661-669 (1986).
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Appendix were then published covering the leaching behavior of Th-Ba fluoride4
glasses, UF4 glasses and the effect of solution pH.

In our research under this contract, we were successful in validating our
test conditions in order to (1) separate results associated with the funda-
mental behavior of the glasses from results associated with test conditions,
and (2) to carefully monitor and/or control solution pH to understand how cor-
rosion products in solution and reactions in the glass influence the ambient
pH and how this pH environment affects glass corrosion.

We have measured the chemical corrosion behavior, in both deionized water
and various pH buffered solutions, of three major families of fluoride
glasses, consisting of fluorozirconates, Ba-Th-based fluorides and UF4-based
fluorides. The measurements consistad of leachate solution analysis by plasma
emission spectroscopy, of degree of hydration by infrared absorption, of layer
thickness and structure by scanning electron microscopy, and of crystal preci-
pitate compositions by x-ray diffraction and electron microprobe analysis.

We have determined the corrosion behavior of these glasses and analyzed
the chemical mechanisms which take place in the glass and in the solution
during corrosion. Briefly, we have found that fluoride glasses corrode in
aqueous solution though the dissolution of their components and that the leach
rate is pretty well determined by the component dissolution rate and solu-
bility. However, the corrosion products can and do affect the process of
corrosion. These products when liberated into the water (1) act to reduce the -0"
pH, (2) precipitate as fluoride and hydrate crystals on the surface and (3)
form colloidal suspensions which deposit back on the glass surface. Figure 1
(attached) shows a comparison of the leach rates of these fluoride glasses and
a few common silicates.

Measurements in pH buffered solutions show that all three families of
* ~fluoride glasses behave similarly. The corrosion rate is high in acidic '.'

solutions, reaches a minimum in neutral solutions and increases moderately in
basic solutions. Fig. 2 shows the combined pH dependence of the glasses
tested. Fluorozirconate glasses exhibit the greatest variation in corrosion
rate with solution pH. They undergo rapid corrosion at acidic pH values. At
neutral solution pH values, however, they exhibit the lowest corrosion rate of
all fluoride glasses tested. This unexpected result points the direction in
which composition and solution modifications may go in an attempt to improve
the chemical durability of fluorozirconate glasses. In fact, tests conducted
by exposing the glass surface to a basic solution and then to deionized water
showed that, indeed, the corrosion can be temporarily arrested by the modified
surface.

When considering the change in solution pH with time in deionized water,
the measured corrosion rates are consistent with the buffered solution
measurements. Effectively, as fluorozirconate glasses dissolve and ZrF4
hydrolyzes in solution to push the pH into the acidic region, this pH drop ,

leads to an accelerated leach rate which is only moderated by the formation of
thick crystal deposits on the surface. If these were not formed, the leach
rate would continue to increase with time. In stagnant solutions, however,
saturated solution layers evidently form near the glass surface, so that the
corrosion rate is then determined by the rate of precipitation of components

..P% ...~~ ... ....p ...*\. .*.*...*A l
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A' from solution and the rate at which the bulk solution can diffuse to the glass
surface.

In order to model typical in-use conditions, we conducted studies of the
chemical corrosion of fluorozirconate glasses under different conditions of
exposure to water. These divided into exposure to stagnant low volume
solutions, stagnant high-volume solutions and flowing solutions. Through
these tests, we identified additional features of the mechanisms proposed in
our earlier work, but the concepts remained the same. The results of the
analysis clearly show that hermetic coatings are necessary for fluoride
glasses which are to be exposed to ambient moisture. Ba-Th fluorides have the
best resistance to aqueous corrosion, but even they require protection. The
protection afforded by the moderately porous organic coatings typically used
with silicate glass fibers are unacceptable here. The results of the
stagnant, low-solution volume tests which model the effect of an incomplete
barrier to aqueous diffusion, clearly show that corrosion under this condition
is severe and that the presence of corrosion products in the solution acts to
accelerate leaching of the glass. Low solution volume conditions thus lead to
a major modification of the glass.

Studies were conducted to reduce the susceptibility of fluoride glasses
to aqueous corrosion. The major thrust, was to balance the initial solution
pH drop near the glass with free hydroxyls resulting from the addition of
oxides to the glass composition. So far the results are encouraging.
Additions of a few percent oxide to the bulk composition of fluoride-based
glasses, appear to have improved their glass-forming tendency, as well.

Based upon our limited experience, at present, with protective coatings
on fluoride glasses, it is possible to state the following conclusions:

()Coatings are necessary for both bulk and fiber optics to avoid major
degradation of the optical properties.

(2) Organic coatings are not impervious to water, and thus, while
retarding the rate of penetration to various degrees, they cannot
arrest it.

(3) Preliminary studies at our laboratories have shown that Diamond-
Like-Carbon coatings have promise, but we have been unable to find a
regular source for coated fluoride glasses.

Resulting from the collection of data achieved over the past four years,
we have been able to unambiguously interpret the results and model the

* corrosion process. Therefore, we have prepared major papers for publication,
* reporting our results on the corrosion processes for fluorozirconates,3

barium-thorium fluorides,4 and uranium fluorides,8 in water and in solutions
buffered at various pH values.

7

* The significance of our research is two-fold. First, we have now devel-
*oped a basic understanding of the corrosion process in fluoride glasses. We

know some of the factors which influence the corrosion rate and know the
mechanisms which control the corrosion rate. Secondly, we have determined the
primary reason for observed major differences in corrosion rate for glasses
soaked in solutions of different pH. While fluoride glasses corrode rapidly
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in water, they exhibit a much smaller reaction in moist air, and resist corro-
sion relatively well in neutral solutions. This knowledge can be used to make
more resistant glass compositions, and to control the leaching environment by
external agents to minimize corrosion behavior.

(b) Structure and Thin Film Studies

Amorphous ZrF4 films were prepared by thermal evaporation Fig. (3) and
from sublimed ZrF 4 vapor quenched at rates above several hundred degrees per
second. The amorphous films were obtained by deposition onto room temperature
and cooled substrates. Their structure was determined by x-ray diffraction
(Fig. 4). Their composition was determined by XPS measurements for Zr4+ and
F- (Fig. 5) showing the appropriate bonding for ZrF 4.

Thin films of the entire range of compositions in the binaries ZrF 4-PbF2 ,
ZrF4 -CdF2 and PbF 2-CdF2 were also successfully produced. The amorphous ZrF4
films proved to be very sensitive to moisture attack from the air and crystal-
lized rapidly within several hours. This result was used to advantage to
study the effect of coatings on the rate of crystallization of the amorphous
ZrF 4 films and thus test the effectiveness of the coating as a barrier to
aqueous diffusion. Extensive studies with very thin gold coatings (less than
10 ) have shown an unexpected ability to protect the surface of the amorphous
ZrF 4 films from attack by ambient atmospheric moisture. The oldest films are
over 6 months old and show no deterioration. We anticipate that this test may
offer a rapid, inexpensive screening test of the coatings on fluoride glasses.

The amorphous single component and binary fluoride films were measured
with x-ray photoelectron spectroscopy to reveal their bonding distributions.
the results show clearly that an enhanced formation of mixed bonds, such as
Zr-F-Pb or Zr-F-Cd, is present in these glasses. This increased distribution
of bonds is far greater than predicted either by molecular dynamics calcula-
tions or by random selection analysis. It indicates that both PbF 2 and CdF2
components have a strong attractive exchange interaction with ZrF4 and that
they should form glasses stable against immiscibility phase transitions. This
work offers a- inexpensive and rapid test of the compatibility of fluoride
components, to be used for the development of new glass compositions.

In conjunction with the thin film studies, we conducted molecular
dynamics modeling studies of the ZrF4-BaF 2 and ZrF4 -PbF2 binary systems. The
results were compared to the distributions found in the XPS measurements, to
show the anomalous increase in cross-species bonds. The calculations showed
that on the scale of the nearest neighbor cell, MD can fit very wcll the
behavior of fluoride glasses. The results are:

(1) Pair correlation functions calculated by MD match well the available
neutron data.

(2) Densities are accurately reproduced at low ambient pressures.

(3) The ZrF 4 based binaries are made up of [ZrF 8 ] cages which remain
unaltered by additives.

(4) The Ba and Pb additives fit into the holes of the structure until
they reach foreign atom concentration of 80%.

A. V..
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(5) The fluorine structure remains fixed by the [ZrFs] cages until 80%

additive concentrations.

(6) The bond distribution which shows the stacking structure of nearest
neighbor cells, is not accurately predicted by MD. This discrepancy
results from the lack of 3-body forces in the modeling work.

(c) Personnel

We had the following personnel on the program.

Graduate Students

- Saied Azali completed MS in Chemical Engineering (spring 1984), studied
corrosion.

- Din Guo Chen has completed his MS thesis in Materials Science (summer 1987),
studied corrosion.

- Greg O'Rear is working on an MS thesis in Computer Sciences, studying
structure by MD.

- Temel Buyuklimanli is working on a PhD dissertation in Physics, studying
thin films.

- Brigitte Boulard (PhD candidate from the Universite du Maine in Lemans,
France) studied the PbF2-ZrF 4 system.

Post Docs

- Joelle Guery - 9/84-10/85 - graduated from University du Maine, LeMans,
France, (with partial support from the French Foreign Office), studied
corrosion of UF4 -based fluorides.

- Michel Le Toullec - 10/86-10/87 - graduated from the University of Rennes,
Rennes, France (with partial support from the French Foreign Office),
studied hydrolysis reactions of fluorides..

Visiting Professor

- Professor Adrian Wright, Physics Department, University of Reading, Reading,
U.K. (expert in structure modeling and neutron diffraction measurements).

Minority Summer High School Student

- 1986 - Gloria Dennis, ONR minority student summer fellowship.
- 1986 - Adrian McCoy, ONR minority student summer fellowship.
- 1987 - Kelvin Howard, ONR summer fellowship provided through the Florida

Foundation for Future Scientists.
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APPENDIX

The appendices contain copies of the published papers.

A. Chemical Durability Studies of Heavy Metal Fluoride Glasses

B. Leaching Behavior of Heavy Metal Fluoride Glasses

C. Chemical Durability of Fluoride Glasses: I, Reaction of Fluorozirconate
Glasses with Water

.

D. Chemical Durability of Fluoride Glasses: II, Reaction of Barium-Thorium-
Based Glasses with Water

E. Molecular Dynamics Simulations of Fluoride Glass Structures

F. Corrosion Layer Formation of ZrF 4-Based Fluoride Glasses

G. Chemical Durability of Fluoride Glasses: III, The Effect of Solution pH

H. Corrosion of Uranium IV Fluoride Glasses in Aqueous Solutions

I. Infrared Spectroscopic Studies of the Hydrolysis Reaction During Leaching
of Heavy Metal Fluoride Glasses

J. Glass/Water Interactions During the Corrosion of Fluorozirconate Glasses
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becond International Symposiumd on Halide Glasses,
Paper #47, Troy, N.Y., August, 1983

CHEMICAL DURABILITY STUDIES

OF HEAVY METAL FLUORIDE GLASSES

by

Catherine J. Simmons, Saied Azali and Joseph H. Simmons

Catholic University of America

Washington, D. C. 20064

This presentation covers several studies related to the

chemical durability (ie. corrosion resistance) of a variety of

fluoride glasses, shown in Table 1.

Table 1: COMPOSITION

(mole %)

GROUP I

ZrF4  BaF2  LaF3  A1173  LiF NaF PbF2 Source

ZBL 62 33 5... ... ... ...

ZBLA 58 33 5 4 ... ... ... R.P.I.

ZBLAN 54.0 15.0 6.0 4.0 .... 21.0 ...

ZBLAL 51.8 20.0 5.3 3.3 19.6 ... ...

ZBLALP-i 50.2 19.3 5.1 3.1 18.9.........3.4 N.R.L.

ZBLALP-2 50.4 15.5 4.9 3.1 20.2....... .9

GROUP 11

_____BaF 2  ZnF2  LuF3  YbF3  ThF4  NaF Source

BZLT 19 27 27 ... 27 ... .A.D.C.
BZYbT 19 27 ... 27 27

BZYbTN 10 27 ... 27 27 9
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I. Resistance to Aqueous Attack:

A. Composition Study

All glasses were immersed in deionized water at 25 C to

determine their leach rates as a function of time. Chemical

analyses of the leaching solutions showed that, within each fain-

ily of glasses, the leach rates observed were virtually identi-

cal, regardless of variations in composition. However, the

results show a distinct difference between the Zr/Hf based

glasses and those based on Th-Ba, with the latter exhibiting an

improvement in leach resistance of 50-100 times. (See Figs. 1 -

and 2 for leach data of individual components of BZYbT and

BZYbTN glasses, Fig. 3 for leach data of individual components

of ZBLAL, and Fig. 4 for a general comparison between the 2 fam- - I

ilies of halide glasses with well-known silicate glasses.)

Whereas the Zr/Hf glasses had developed a thick, hydrated sur- . _

face layer, overlayed by a crystalline crust, and were quite•I

opaque after 5 days of exposure, the Th-Ba glasses appeared to *..".

have suffered much less damage and were still fairly transpar-

ent. The thickness of these crusts was determined by SEM to be I

> 150 um for the Group I glasses and - 2-3 um for the. Group II

glasses. This ratio is in good agreement with the leach rate

data (Table 2).

Weight loss was measured for all samples and, when compared .,

with solution analysis, proved to be up to 15% too low in esti-

mating the leach rates due to hydration during leaching.

•I
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B. pH Effects

One composition (ZBLAL) was selected for study in a variety

of solutions at different pH values. Results show an increase

in leach rate of approximately 10 times at pH 2 as compared with

deionized water at pH 5.7. In more alkaline solutions (pH -

10-11) the Zr leach rate drops due to the formation of insoluble

hydroxides and, although the other components continue to leach,

)the rate decreases sharply with time. This appears to be caused

by the formation of a protective Zr(OH) 4 barrier on the surface.

C. Powdered-vs-Bulk Samples

Two samples of ZBLAL glass, one powdered and one in the

form of a polished rectangular parallelpiped, were leached to

determine the validity of powder test results. The surface

areas were calculated to be identical initially. Leach rates

were comparable for the first 4 hours. However, this was fol-

lowed by a steady decline in powder sample rates as the surface

area decreased. At the end of 4 days, the leach rates for the

powder samples were 1/10 those of the bulk sample. The results

of this study strongly suggest that powder samples should be

used only for very short term testing (ie. < 4hrs.) when leach-

ing non-durable glasses such as these.

II. Humidity Effects:

Infrared transmittance spectra were obtained from a ZBLAL

polished sample before, midway through, and after exposure to

100% relative humidity at 80 C for 7 days. Care was taken to

maintain the sample at the same temperature in order to avoid

condensation of water vapor. There was no visible damage to the

S|
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glass over the period of the test, and the IR spectra only 4

showed a loss in transmittance of -5% centered at 2.85 um due to

OH- presence.

III. SEM Surface Studies:

The surface topography of leached samples was examined by

scanning electron microscopy. Once again, samples within Group

I or II were very similar to one another in the extent of attack

and type of surfaces formed. Group II (Th-Ba) glasses were

found to be far less damaged by aqueous leaching. Elements con- V

tained in the crystal deposits on the surfaces were identified

by x-ray analysis using a wavelength dispersive spectrometer and

are listed in Table 2.

* 4

Table 2: Summary of Observations in Composition Study
Type Leach Rate Sample Crust Crystals

g/cm 2 day Surface Thickness Identified

Group I 10-2 Opaque 150 um Zr, Ba, La

Group II 10- 4  Frosted 3 um Ba, Yb, Th
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Gainesville, Florida 32611
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:'Y INTRODUCTION

The aqueous corrosion of fluoride glasses has received increasing atten-

tion since the onset of studies of these non-oxide glasses. In 1982 the first

results of aqueous leach tests on a fluorozirconate glass (generally denoted

as ZBLAL) were reported.1  The corrosion rate reported, obtained by solution

SI.analysis, showed that the major components of the glass, including Zr, Ba, Al,

.. :Li, and F, were leached at comparable rates (differing by less than a factor

"" . of 5), while the rare-earth, La, was leached at a rate 2 orders of magnitude
. lower (see Fig. 1, Ref. 1). Scanning electron microscope studies showed that

the surface was covered by crystalline deposits (Fig. 3A, Ref. 1) and that a
.
I ",*

thick (> 100 om/5 days) hydrated, transformed layer lay beneath the crystals

(Fig. 38, Ref. 1). This layer was cracked due to dehydration during drying in

vacuum. IR absorption measurements of the leached glass showed high absorp-

tion due to the stretching OH and bending HUH vibrations, which increased with

time and layer thickness. These absorption bands remained, even after drying

, * in vacuum, indicating that a large water content was present in the hydrated

layer. It was also noted that the pH of the solution drifted rapidly from 5.8

to 3.4 within 18 hours.

Theo ort e Ph.. U4-8.KOff Fzorihd s U.he OUro.A o by
Cmatvc P" AW 14 44- K-O 7fv t0u 4.~. o of NWWe
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Leach rate studies of thorium-based glasses (Zn-Ba-Y-Th, Zn-Ba-Yb-Th,

Zn-Ba-Yb-Th-Na) were later reported 2 and showed that these glasses were 5U-10U

times more resistant to corrosion by deionized water than the zirconium-based

series. Leach rates for individual elements in the non-alkali composition

were observed to be similar for all except Yb, which followed the same be-

havior as La in the Zr glasses. In the alkali-containing glass, the Na re-

lease rate was much higher at short times, presumably due to bulk diffusion,

and was seen to decrease with time as the Na was depleted from the surface. -

Little, if any, drift of solution pH was observed during these tests.

Reports by Guery et al.3 indicated that some uranium fluoride glasses %

could be even more resistant to corrosion than Zr- or Th-based glasses. Soak

tests conducted at pH of 1 and 10 for 100 hours showed no visible evidence of

the formation of crystals or a hydrated surface layer.

It has been reported 2 ,4 that the leach rate of ZrF4 ;-based glasses in-

creases dramatically with decreasing solution pH, yielding a vital clue to

understanding the controlling mechanisms of aqueous corrosion in fluoride

glasses. This data led to the proposal that, unlike silcates, whose leaching

behavior is dominated by alkali-proton ion exchange at acidic pH, the major

factor in determining the leach rate of zirconium-Pased fluorides in water is I.

the dissolution of ZrF4 .
5

In this paper, we report a comparison between the aqueous corrosion .,

processes in Zr-, Th- and U-based fluoride glasses. This comparison is not
based solely on their leach rates in deionized water. Instead, it combines

this data with leaching data obtained in buffered solutions at a variety of pH

values to study the mechanisms dominating aqueous corrosion in these glasses

and the reasons for their apparent differences in resistance to aqueous

attack.

RESULTS
Measurements of aqueous leach rates were conducted on zirconium-,

thorium-, and uranium-based fluoride glasses (Table 1) as a function of time ,.

in deionized water. The curves of Fig. I show the relative leach rates of the

three types of glass. From this data, it is clear that the ZrF4-based glass

appears to be far less durable than the others. However, it has been noted

previously that the solution pH drift is far more severe in the case of the Zr

glasses due to the dissohvtion Df 7-F4  From an initial pH of 5.8, the
.. A
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solutions drifted to 4.5, at short times, and 3.2 at longer times for ZrF4

glasses, 5.6 for ThF 4 glasses, and 4.0 for UF4 glasses.

In order to determine how the degree of pH drift and the resulting change

in solubility of ZrF 4 , ThF4 , and UF4 contribute to these differences, measure-

ments were conducted in buffered aqueous solutions at pH values from 2 to 10.

The results are shown in Fig. 2.

While all glasses tested exhibit similar behavior, with a minimum near

neutral pH, there are several interesting differences worth noting. First, we

find that, at low pH, the ZrF4 glass has the highest leach rate. Second, we

find that, at basic pH, all the glasses show an increase in leaching, with the

ZrF 4 glass showing the smallest rise. Finally, and most surprising, we find

!1< that, at neutral pH, the ZrF4 glass exhibits a lower minimum than either the

ThF4 or UF4 glasses.

Clearly, the combination of pH drift and the acid leacping behavior of

these glasses explains the differences in durability observed in earlier tests

in unbuffered deionized water. Comparing the leach rate at short times in

Fig. 1 with the measured leach rates in Fig. 2, it can be seen that the ZrF4
glass, leaching at 3 x 10-2 gcm-2 d-1, should be in a solution at pH = 4.7,

in good agreement with the value of 4.5 measured in, the leaching solution;

while the ThF 4 glass leaches at a rate of 2 x 10- 4 9 cm"2 d-1 at a pH of 5.6,

and the UF4 glass leaches at a rate of 2.1 x I0- 3 g cm 2 d-1 at pH = 4.0.

In basic solutions, hydroxides are formed and the glass leach rates are

controlled by the dissolution rates of these species. 2 These results support

our earlier conclusions 2 ,5 that matrix dissolution is the major factor con-

trolling the corrosion behavior of these glasses.
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TABLE I

COMPOSITION

(mole %)

Group I

Zr14 LF 3  AIF 3  LiF

5' ZBLAL 51.8 20.0 5.3 3.3 19.6

Group II

. 2  YF Th NaF
BZYbT 19.0 27.0 27.0 27.0 ---

BZYbTN 10.0 27.0 27.0 27.0 9.0

Group III

. 4  ALF 3  1.3  Zn2  Mn, 2_

BUYAZ 30.4 30.4 2.0 4.8 32.4

BUYAM 30.4 30.4 2.0 4.8 32.4

BUYFe 20.0 40.0 --- . 20.0

5,.

I

5- 5,.
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$Chemical Durability of Fluoride Glasses: I, Reaction of
Fluorozirconate Glasses with Water
CATHERINE J. SIMMONS* and JOSEPH H. SIMMONS*

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

The chemical durability of five fluorozirconate glass com- i. Introduction

positions was studied. Measurements of leachant composition
and solution chemistry by plasma emission spectroscopy, LUOROZIRCONATE glasses are under study for a variety of IR

pH, and fluoride analysis are reported. Changes in surface .L transmitting applications: therefore, their optical pro'perties

structure were monitored by scanning electron microscopy, and phase stability behavior have received intense scrutny. We_

electron-probe X-ray analysis, and X-ray diffraction. The have found these glasses of great interest in studies of chemical

modifer additives with high aqueous solubility (AIF 3, NaF, corrosion behavior because of the large constrast in behavior A ith
LiF, PbF exhibited the highest leach rates with ZrF, silicate glasses. Our initial studies of the chemical behasior of a

BaFz, and LaF3 exhibiting lower rates. The leaching order of Zr-Ba-La-Al-Li fluoride glass in water suggested far diftcrcnt
Zr > Ba > La was maintained for all samples. The leaching processes from the known typical silicate leaching processes which

process consists of the dissolution of the glass matrix, leaving are characterized by alkali-ion exchange for protons in solution

a thick and porous layer containing Zr, Ba, La, and molecular followed by matrix dissolution as the solution pH drifts into the

water. Hydroxylation of the Zr species to form a hydroxy- basic range.2

fluoride complex in solution dominated a decrease in pH to In this paper.,we examine the leaching behavior of a series of

moderately acidic values. The resulting increase in component fluorozirconate glasses whose added components are well-known
solubilitY(particularlY .zirconiumdluoride) in the aidic solu- for producing changes in the leaching behavior of silicates. The

tions accelerated the glass dissolutionbehaviors of these glasses ar compared to one another and co-
that, if no buffer is present to avert the pH drift, the chemical pared to established silicate glass leaching mechanisms. A sample

, durability of these glasses in aqueous environments is ex- containing PbF_ was selected because it represents a composition
.tremely poor, being roughly equivalent to that of HaO 2SiO. of current interest for fiber optics applications.' The chemicalSp . b g rdurability behavior of fluoride glasses not containing zirconium

will be reported in later publications.

' lI. Experimental Procedure
%,Received Oct ober 14. 198d5. revised copy, recerked January 23. l98ft approved 1.Eprmna rcdr

ApRil 8. 1986 Fluorozirconate glasses melted at various laboratories were ob-

Supported by theOffice ofNavai Research under Gran Nos NOWo4-83-K-0276 tained for the chemical durability study. Table I shows the glass ,
and N0)014-84-K-0497.

Member. the Amencan Ceramic Society compositions selected, the commonly used mnemonics for them.

Table i. Composition (mol%)
Mnemonic ZrF, BaF, LaF, AIF, LiF NaF PbF, Source*

ZBL 62.0 33.0 5.0 RPI4

ZBLA 57.5 34.5 4.0 4.0 RPI.' RADC-
ZBLAL 51.8 20.0 5.3 3.3 19.6 NRL'
ZBLAN 54.0 15.0 6.0 4.0 21 0 RPi'
7ZBLALPb 50.4 15.5 4.9 3. I 202 4.9 NRLi

*NRL = D C Tran. Naval Research Laboratory. Washingtn. DC RPI = C T MIinihin.. A I Bruce. and K H Chung. Renssalaer Polytechnic Institute. Troy. NY
RAD(' M G Dreshage and 0 H Et-Baoumt. Rome Air Development Center. Hancom Air Firce Bae. MA

% N.
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TIME (days) z Al

- 2 -.. ~'5NaFig. 1. Normalized leach rates vs. time from leachate analysis 10 V F
for individual elements of glasses: (A) ZBL (B) ZBLA. Zr

hr,

1o-3 - o o -- -

and the sources of the glasses. These glasses were melted under a
variety of conditions varying from the use of oxide raw materials L
with added ammonium bifluoride' to the direct use of anhydrous 1 0 4  ZBLAN %,a
fluoride raw materials, melted under an Ar or CCI4 atmosphere. I I I I '
In the case of ZBLA, samples melted by both techniques were .01 .03 0.1 0.3 1.0 3.0 10
studied. In all cases the glasses showed low water and low oxide TIME (days)
content, as determined spectroscopically. V.

Corrosion tests were conducted with deionized, pH 5.6, water Fig. 2. Normalized leach rates vs. time from leachate analysis %
at 25°C. The tests, except where noted, were conducted on solid for individual elements of glasses: (A) ZBLALz (8) ZBLALPb:
samples polished under halocarbon oil, which is oxygen and water (C) ZBLAN.
free, in order to remove the aged surface layer and obtain a re-
producible surface finish without aqueous contact. Samples were
rinsed in toluene to remove the oil. Solution analysis was con-
ducted by removing the soaking solution and analyzing duplicate rate. This Zr/Ba/La order appears for all the compositions studied.
samples using a dc plasma spectrometer. a fluoride-selective elec- The addition of Al to the glass (ZBLA) (Fig. I(B)) induces little
trode. and an ion chromatograph. Static tests were conducted in change in the leach rates of Zr and La, but reduces the Ba leach rate
PMP containers with the samples supported by prewashed Teflon* by a factor of -3. while the Al additive exhibits the highest
baskets, following the test procedures recommended by MCC.' normalized leach rate. The addition of Al and Li to the glass
The solution volume to sample surface area was maintained at a (ZBLAL) (Fig. 2A)) appears to cause little change in the leach rate
constant ratio of 100: 1 for all tests in order to minimize satura- of the ZBL components with both Li and Al exhibiting the higher
tion effects. Normalized leach rates were calculated from Eq. ( 1) normalized leach rates. The addition of Na and Al to form the 16.

ZBLAN glass (Fig. 2(C ) increases the corrosion rate of all of the
XV Ag cm components with again Na and Al providing the higher leach rates.

wS •(1)tThe highest leach rate observed for zirconium, however, is found
in the fiber optics glass containing the base ZBL composition with

where X = ppm in solution. V = solution volume (mL), S = additives of Al, Li, and Pb (Fig. 2(B)). Initially, lead enters the
surface area (cm2). At = soak time (days). and wi = weight frac- solution at the same rate as Al and Li. decreasing only slightly at
tion of element in the original glass. longer times. The major difference between this glass and its

predecessors is that it does not exhibit the marked decrease with O,
Ill. Results time in component leach rate observed for the other compositions.

After 5 d of soaking, the Li and Al leach rates are 5 to 6 times
Leach rates in solution for the fluorozirconate glasses are plotted higher in the ZBLALPb glass than the ZBLAL glass. In general ,

as function2 )f time in Figs. I and 2. These rates are normalized by the tests were stopped after 5 d because of the thick surface corro-
the concent, ations of ions in the glass tor easy comparison between sion layer (-- 150 Mm). which developed in that time.
different elements, as well as different compositions. As shown in
Fie. I(A). zirconium leaches at the fastest rate in the ZBL glass.
followed by barium, with lanthanum appearing at a much slower IV. Discussion

A composite curve of the average weighted leach rates of all five
E I du Pont de Nemouri & Co . Wilmington. DE glasses (Fig. 3 1 shows the curious result that, within a factor of I0

".
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10- 1 6.0 I I I 1

.S ~11),&ZBL
v (2 ) ZBLA

3 a ZBLAL
4 vZBLAN

ZBLALPb 5.0 5 X ZBLALPb
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Er 10 - 3  ZBLA 1,2

• w 0 10 20 30 40 50 60 70 80 ,

-- 1 T im e ( h r ),.,

i~~ 10 45
'pe

1 Fi.4. Temporal variation of solution pH for all five glasses. ,

4i.0

}. , TIME (days)
W . In order to determine the effect of the individual glass compo-

Fig. 3. Compositionally weighted average leach rates for all tive glasses nents on pH. we conducted a test where the crystalline form of each
(La neglected). component fluoride (ZrF4 . BaF2 , AIF,. PbF2,. NaF. and LiF) was

~dissolved separately in deionized water. The results showed that as
little as 12 ppm of ZrF, produced a significant decrease in the
solution p1- from 5.45 to a value of 3.95. Subsequent additions of

in leach rates, all the glasses behave in a similar manner with ZrF4 to solution, above 30 ppm. caused an increasingly smaller_*:
equivalent rates. closely follow ing the behavior of ZBL and rela- drop in p1-. indicating that the dissociation of fluoride and sub-
ll tvcl. unaffected either by the addition of modifiers or by varing sequent hydrolysis ofzroimdces ihincreasing ccnnccn

the preparation conditions. This result contradicts that reported trations of fluoride ions in solution. None of the other components ,
recently by Barkatt and Boehm." who claim to see a large melting affected a significant decrease in pH when dissolved individually.

* history effect due to the presence of residual ammonium bifluoride It appears, therefore, that it is the hydrolysis of zirconium fluoride
in the glass. However. Moynihan et al. ' have shown that there which is responsible for the majority of the pH drop during leach-
is little, if any, effect on durability in samples melted with and ing of fluorozirconate glasses. The species formed appears to be r

i ,, in deionized water the leach rate of fluorozirconate glasses is ZrF~baq) ± H,O -- ZrF; ' HF - H-O 2",
I cotn~led bth b thebehavior of the zirconium and barium comn-

~~ponents, as shown here. and by the pH drift of the soaking solution ZrF ? 2H1H )-- ZrFOH -H ,O (31

,during the test, as described in detail below and elsewhere.' 2-  Zr 1 HA-H0 -. ZFOH H .
*Additives of matrix modifiers such as the fluorides of Al. Pb. Li.

, and Na have only a limited effect on the leach rate of fluoro- ZrF_2OH"- 2(H. Ol --* ZrFlIOH. H,O" (5)
,-zirconate glasses. In contrast, the oxides of these elements nor- A chemical analysis of the supernatant solutions for metal and

mally have a profound effect on the balance between ion exchange floieincnetainidcte ht nteaeae ahZ

0 3.0

j #,and matrix dissolution of silicate glasses. For example. the addi- and Ba ion retains a fluoride ion despite the addition of a strong ,
lion f 10% to20% alkali to a silicate glass produces a decrease in

~~durability of several orders of magnitude. The lower leach rate of concentrations and one of every three Al atoms at higher concen- '
La appears to come from the lower solubility of LaF,. In sub- trinsaoreinaturdin.Tsiditethtinhep
sequent papers. we will show that composition-dependent differ- trtnsaoreinafuidin.Tsidctethinhep

.- e-o i teauoslec ae o lse onann h ranges covered by the test, and particularly for Zr. the metal does
cne oappear inteauoslahrtso lse otiigte not release all its fluoride ions. These results also explain the lower

thorium.'' rare-earth, and uranium fluorides. 2
- but that these differ- ta niiae ausotie nfurd o ocnrto na

ences arise from the pH dependence of the respective solubilities. sumntofheeaatsltinuineecrdaali.
,,i)1 pH Drift Behavior Since the major pH drift occurs during the first hour. a titrationc,
) A clue to the major difference between tluorozirconate and experiment was performed Ito deternmine the rate and decree of ,

silicate classes lies in the measurement of solution pH during the hydrolysis occurring during that time in a solution of constant pH.
~leaching process. Silicates containing alkali oxides exhibit a solu- A freshly powdered sample of ZBLAL was placed in water whose
,,, tion pH drift to basic values generally above 10. This results from pH was adjusted to 5.0 using dilute HCl. The solution was stirred
v ,...a dominating ion-exchange process between alkali ions in the glass constantly and the pH was monitored throughout the test. A dilute
" "," with protons (H") or hydronium ions (HO') in solution. Figure 4 NaOH (It) 'M t solution was added by means of a buret in order

shows the temporal variation of solution pH for the five fluoride to maintain the solution at pH 5. The amount of additional OH

r ", , glasses. All show a marked decrease in pH to between 3.6 and 4.5 necessary to maintain the pH was monitored as a function of time
within the first fecw hours. A test was conducted to determine the and is shown in Fig. 5. After a brief induction period, the hydro-
equilibrium solution pH of ZBLAL glass by soaking an excess of lysis reaction is seen to follow t't. behavior. The induction period
fine powder in deionized water at a pH of 5.6 while stirring in a may be due to a short delay in ZrF4 dissolution and hydrolysis
rotating cylindrical bottle. After an initial rapid drop in pH. the following the preferential leaching of Li and Al. Table II sum-
solution maintained a constant value of 2.46 over several days., marizes the data obtained through solution analysis. It is clear fronm
This decrease in pH could result either from an ion exchance of the results of individual component dissolution, above, that none
OH in the solution for F in the class corrded layer or fromt the of the dissolvin species. except ZrFe. undergoes hydrolysis to
OH F exchange of dissolved species in solution, any ignificant degree. pm comparing the concentration of Zr in

souto pH~'~f5 .' fro 5.4 to -~ ' a vau -f -.5 Susqetadtoso



664 Journal of the American Ceramic Society-Simmons and Simmons Vol. 69, No. 9

60 PPM F-
0.01 0.1 1.0 10 100

50 ZBLAL I ''-

- 1 "< ,
Z40' -- -

0X 1-3rS0 10x ,

w +r, 1-4 ZrF4]
30 Xl

- N 10-5 [ZrF3 ] +

1020-0
10-6.- [ZrF]+ 3  S

-71 - ZrF2 1+2 I- *

S101 [Zr]04'

0 ",log [ F- (mole/liter)
0 1 2 3 4 5 6 7 8

I1 Fig. 6. Relative IZrF,--' species concentrations as
TIME 2 (mm.) calculated from association constants.

Fig. 5. Moles of titrated hydroxyls plotted vs. time' 2 (solid circles) and
(it - t,)' (open trangles). showing the rate of hydrolysis of [ZrF,]m' - '

from ZBLAL glass in a solution maintained at constant pH. maion of a hydration laver occurs by a complementary mechanism
to the leaching process. Loehr et al. "+ have measured the intensit.
of both vibrations in short-term leach tests for the first our asc.
reported here: the time dependence closeh follos our lejchmL 0

solution 127 6 umol) to the titrated hydroxyl concentration behavior. Their measurement also shows the saame relative ditter-
t58.2 gmol). we obtain the result that the dominant zirconium ences and ordering of the hydration rates betceen the \arjou, *- "
hydroxyfluoride complex discussed above contains two hydroxyl glasses that we report in Fig. 3. The time dependence of thc groki rh ..

ions (i.e.. v = 2). of the water and hydroxyl bands appears to fo;io\, , i' po\,\er las,
A calculation of the dependence of the relative concentrations of for times up to 20 to 30 min and then a t' - law for longer times.

the various dissociated [ZrF, I"' species was conducted based on These authors were not able to separate, in the hydroxyl vibration. 'A
published values of association constants.' 3 The results are plotted the contributions due to molecular water from that due to metal
in Fig. 6 and show that. over the range of solution fluoride concen- hydroxides. However, by comparing the rate of growth of the two -7.

trations encountered in these tests. the dominant species are peaks and calculating a constant ratio. they concluded that only
[ZrF 2I>. [ZrF,]1. and [ZrF.,. Most of the test results obtained molecular water is present in the hydrated layerof the glass. On the , :
after I h of corrosion were at concentrations between I and I0 ppm basis of these results and some solution analysis. Doremus ct al.
F . showing a dominance of IZrF., with between 50% and 20% have suggested that only matrix dissolution occurs in these lasses
of [ZrF,] . The more highly dissociated species are only expected and that leaching occurs congruently, Since only one composition
in appreciable relative concentrations in the very early stages of was studied, the consistent difference in leach rates between the
corrosion. glass components reported here was not observed. This difference.

In conclusion, the pH behavior of the solution and the zirconium becomes important in determining the mechanism of formation of
fluoride species formed are strongly dependent on the concen- the porous leach layer. Furthermore. Loehr and Moynihan dedu,:ed
tration of dissociated F and the availability of hydroxyls; there- a lack of OH formation in this leached layer from a comparison of
fore. the most probable zirconium species in solution are the the time dependence of the ratio of absorption peak heights of the
hydrated forms of jZrF(OH)2.] and jZrF,(OH):1. with the neutral water bending to OH stretching motions. The peaks. hos .cver.
species favored at higher fluoride concentrations (> 10 ppm). broaden considerably, particularly for the OH stretching motion.

and our preliminary 'results indicate that if one calculates the inte-
(2) Surface Water Content grated peak area instead. the OH vibration peak grow, slightly .9%

Infrared absorption measurements showed, for all glasses. the faster than the HOH bending peak. This would indicate the for-
same OH stretching 12.9 um) and HOH bending 6.1 m) vi- mation of some hydroxides in the laver and would be more eon- ,
brations seen in our previous studies.' with increasing absorption sistent with the development of an oxide peak during dr% ng as,_
for longer corrosion times. This obviously indicates that the for- seen in Ref. I. "-

Table II. Equivalent F Calculated from DCP Cation Analysis
Analyzed [M'J Equivalent F- Normalized leach rate

Cation (10- mol) 1t0 " mol) , of total F- (g.cm 2-d '-)

Zr' 27.6 110.4 72 3.57 x 102
Ba2 * 10.0 20.0 13 3.36 X 10--,
La'- 0.08 0.24 0.1 1.03 x 10 .

AI" 3.2 9.7 6 6.56 x 10 --

Li" 14.0 14.0 9 4.80 x I) "
154.34 100

Titrated moles OH (10 ") 58.20 38

V V
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MICRONS

2.5 3.0 4.0 5.0 0.0 7.0 8.0 9.0 10 1.

AS POL SHE p

4 DAYS 7DAYS

z

z

ZBLAL in 100 % RH - 80 C

Fig. 7. IR transmission spectra of ZBLAL .. . . . . . . . . . .
glass exposed to 100% relative humidity for 4 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

and 7 d a, 80*C. WAVENUMBER (CM")

The series of glasses studied in Ref. 14 exhibits an order of
hydration rate with respect to composition (ZBLAN >
ZBLAL > ZBL > ZBLA) which is the same as that observed in
our leach tests based on solution analysis. The combination of
these results suggests that the layer forms as a result of the selective
leaching of the more soluble glass species (NaF, LiF, AIF 3. PbF,)
and that the leach rate is controlled both by solubility and by the
diffusion of molecular water through the layer to the unreacted
glass surface and the counterdiffusion of dissolved species into the
solution. Thickening of the layer with time is expected to lead to
an increase in diffusion time and a decrease in leach rate. Since the
stepest decrease in leach rate is observed in the ZBLA glass, and
this glass has the thinnest layer, the porosity of the layer must play
a major role in the diffusion process, The more durable glasses
evidently develop the less porous and thinner layers. while the less
durable glasses, such as ZBLALPb. develop a thick layer with a
sufficiently high porosity to maintain a nearly constant leach rate
with time. In the case of ZBLALPb, the rapidly dissolved species
(LiF. AIF,, PbF.) constitute 28 mol% of the glass composition. Fig. 8. Typical crystal deposits on the surface of ZBLA glass following
while ZBLA contains only 4% ALF,. 2 d in stagnant, deionized water. Letters correspond to EDS analysis in

(3) Effects of Atmospheric Moisture Fig. 10; bar =100 jim.

Most nondurable silicates are highly susceptible to corrosion in
humid environments, frequently exhibiting visible surface damage
within hours of exposure. Tests were conducted on ZBLAL glass
samples exposed to an environment of 100% relative humidity at showing the surface with crystals removed and Fig. 9(C) showing

80'C for up to 7 d. Care was taken to avoid temperature cycling a cross section of the crust of ZBL glass. The results of EDS

and moisture condensation on the sample surface during the tests, analysis of the surface pictured in Fig. 8 are shown in Figs. 10(A)
The samples showed no visible evidence of corrosion. Figure 7 to (D). The most significant change observed, when comparing the e

shows the infrared transmittance spectra of the as-polished sample spectrum of the uncorroded glass (A) with that of the lacnh laver

as compared with a 4- and 7-d exposure period. A 2% to 3% or crust (B). is the appearance of a measurable amount of La

increase in absorbance at 2.85 uim is evident after 4 d. increasing concentrated in the layer, This is in good agreement with our

slightly at 7 d. This may be due to the formation of an extremely solution analysis, showing a much lower leach rate for La. The

thin reaction layer or to the presence of a small amount of atmo- crystals consist of two distinct structures: long parallelepipeds
spheric water adhering to the surface. This result demonstrates shown by EDS analysis to contain a high concentration of Zr

that. in spite of their poor durability in aqueous environments. (Fig. lO(b)) and spherical shapes made up from a multitude of thin

Zr-based fluoride glasses are relatively unreactive in the pres- platelets containing Zr and Ba(Fig. 10(C)). The long crystals were

ence of atmospheric moisture. Similar results were reported by identified by X-ray diffraction to be ZrF,. They comprise the

Robinson et al. ." who noted that no corrosion was observed majority of the surface deposits seen. Doremus'. has also reported I

up to 20'C for a variety of fluoride glasses containing ThF~. that the needlelike crystals are ZrF. while Pantano'" has recently ,

and by Gbogi er al. .' who noted no increase in surface-OH ab- suggested that they are a hydrate form JZrF,(HO), 1. X-ray diffrac-

%sorbance for a ZBL sample exposed to ambient laboratory atmo- lion measurements also tentatively identify the thin Ba-rich platelet
sphere for 30 d. crystals making up the spherulites of Figs. 8. 9(A ). and 90) as ,-

ZrBaF,. In several tests where the Ba concentration in solution was • ,
(4) Microscopic Appearance of Surface observed to become independent of corrosion time due to solution

Scanning electron microscopic observations of the corroded sur- saturation, the spherical crystals became more abundant with no
face gave essentially the same results as our previous study of appearance of new crystal types, indicating that those crystals
ZBLAL.' All glasses exhibited precipitated crystal deposits over resulted from precipitation from solution near the surface of the P
the cntire surface with a highly porous. thick, hydrated layer of sample undergoing corrosion. Since the ZrF crystals were mixed
material beneath the crystals and above the uncorroded glass sur- with the Zr-Ba cr-stals, occasionally becoming surrounded by
face. Figure 8 shows the corroded surface of a ZBLA glass after them ifor example. see Fig. 9(D). it is clear that they also form
2 d in solution. Figure 9 shows various aspects of the corrnded by continuous precipitation from solution. Nearly all tests re-
surface of the same glass after 5 d in solution. with Fig. 9(8) ported here. and in Refs. 18 and 19, were conducted under static
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Fig. 9. SEM micrographs of surface structure after leaching 5 d at 25'C: (A) surface crystal deposits
(bar = I00 Mm). (B) corrosion layer with crystals removed (bar = 100 Am), (C) cross section of
corrosion layer (bar = 100 1m), (D) magnified crystal deposits (bar = 10 /rm) "

conditions. These results strongly suggest the formation of a rap- layer. Generally, it is the porosity and the chemical composition ot
idly saturated static diffusion layer in the solution surrounding the the dealkalized layer which control the temporal evolution ot the
glass. This conclusion is supported by results of our studies com- leach rate characteristic of a silicate glass. The dealkalization
paring the leach rates of stirred powders with those of static sol- process involves the exchange of alkali-metal cations for either
ids. 2 ' which show an increase in leach rate in stirred solutions, and protons or hydronium ions. The behavior of the dealkalized la\er .
by the results of Houser and Pantano. 2' who stirred the solution and its effectiveness in protecting the glass matrix from further
around solid samples and observed an increase in the hydration dealkalization and matrix dissolution are dependent upon alkali
depth. Our SEM comparison of the corroded surfaces of bulk diffusion through the layer, layer porosity. layer thickness. precipi-
samples leached under static and stirred conditions showed a com- tated or adsorbed species. and the pH of the solution before and
plete absence of crystal deposits in the latter. These results, there- during corrosion. Under static conditions the rapid dealkalization
fore. lead to the conclusion that a major step in the static leaching process drives the pH to basic values whose limit is determined
of these glasses is the dissolution and subsequent saturation and either by the other glass components. such as the dissociation of
precipitation of fluorides at the glass/solution interface, boric and silicic acids, or by buffers in the soaking solution. Since

The formation of a static diffusion layer in the solution sur- the solubility of silica is greatly increased in basic solutions, the
rounding the glass apparently leads to the saturation of ZrF- and increase in pH accelerates the matrix dissolution rate. In tkcll- *
Ba-containing fluoride compounds in solution, which is then fol- mixed or flowing solutions, the concentration of silica from du- P
lowed by precipitation of the crystals. It is. therefore, the combina- rable silicate glasses generally increases, first with a r ' lass. due
tion of the interdiffusion of water and the dissolving species to the rate-controlling interdiffusion of alkali-metal ions and H -,-
through the porous layer and the rate of crystal precipitation which or H30- ions. and then as t', due to matrix dissolution throiwhi ailk
controls the temporal evolution of the leach rate of the glass. This steady-state dealkaaizeu iaver. s, ith time. the silica concentration
could explain the r' 2 time law observed without the requirement of in solution reaches a saturation level for the ambient pH. This can - -

involving an F diffusion process through the glass or the hydrated drastically lower the leach rate, but often complexes are formed -e
cyrstalline layer, which is seen beneath the precipitated crystals. with silica which precipitate in the form of crystals or colloids.
The hydrated corrosion layer attained a thickness of >1150/t m Frequently, other effects may complicate the observed hchas or.
within 5 d (Fig. 9(C)) and. under microscopic examination, such as inadequate solution exchange or stirring, the appearance of
appeared severely cracked due to dehydration under vacuum, other buffers, the reprecipitation into the laver of tsclected conip,- *

Where pieces of the layer had peeled off. further chemical nents from the glass (such as the alkaline earths and the transition
attack and mild cracking were observed extending into the glass metals). and possible mechanical damage to the layer. But. in
(Ref. I, Fig. 3(8)). silicate glasses, the underlying principles are clear. Z

Our data suggest that fluorozirconate glasses undergo little, if -e'
(5) Corrosion Mechanism any. ion exchange and that the corrosion process occurs primarily

These results, when combined with the work of others, begin to by selective extraction followed by matrix dissolution The high
form a composite understanding of the leaching process in fluo- leach rates of the alkali fluorides and AIF, also suggest that they
rozirconate glasses. This model is best examined in the context have a high solubility and. as demonstrated bN our results, theY
of and in comparison with known leaching processes in silicate precede ZrF, dissolution Onl% the Ba and La components are
glasses. removed from the layer at a lo%%er rate than Zr. The drop in pH.

Briefly described. silicate glasses leach by the competing %khich results from the dissolution and h.droly,,t, oft ZrF,. in-
mechanisms of ion exchange and matrix dissolution. While both creases the solubilit. of all of the tluoride components and accelcr-
processes are always occurring, their rates can be drasticalls at- ates dissolution, thus leading to a ,ecre attack on the glass in a
fected by the composition of the glass and by the events occurring manner similar to that exhibited b. silcates at high pH (nuclco-
during leaching. such as the formation of a protective. dealkahzed philic attacki.

k,.' i
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formation of the nonprotective. yet very thick, hydrated layer
(A) ZBLA Glass results from the selective leaching process and its porosity influ- %

ences the temporal behavior of the leach rate. Therefore. studies of
the thickness or water content of the layer. while reflecting the -

Zr surface hydration which occurs during the leaching process. do not
>.2 investigate the controlling corrosion mechanisms. ' hich appear to

be matrix dissolution with a subsequent formation of zirconium

N Ba hydroxyfluoride complexes. The latter process. because it leads to
w t La a reduction in solution pH and an increase in the leaching process.
Lot Jis most responsible for the comparatively poor durability of

fluorozirconate glasses in water.

(6) Coatings
In order to take full advantage of the unique optical properties

Tof these fluoride glasses, it is imperative that hermetic coatings be
developed to shield them from severe attack in aqueous environ-

(B) Crust ments. In some cases, particularly for use with lenses and laser
Zwindows, these coatings must also be transparent in the IR. One

promising coating material currently under study is diamond-like
carbon.-" Results of infrared transmission spectroscopy for short-

I-term (4 h) aqueous corrosion tests on identical ZBLA samples.-
- 1coated (A) and uncoated (B), are plotted in Fig. It. The differ-

Ba ences in degree of corrosion are evident from a comparison of the
Wu before and after spectra of the two samples. Whereas very little

SLa/ change is seen to have occurred in the coated sample, fairly exten-
- sive surface hydration is observed in the uncoated ZBLA. This

observation was confirmed by SEM; the surface of the uncoated
sample was covered with the typical dehydration cracking dis-
cussed above, while the coated surface showed only isolated pit
corrosion and no cracking or spalling of the surface was observed.
The pit corrosion is thought to have resulted from pinholes in the 41

(C) Spherical Xtal experimental coating and it is believed that with improved deposi-
tion techniques this problem can be overcome.

Zr V. Conclusions

a/a, (The static leaching of fluorozirconate glasses appears to be a
complex process involving component solubility. matrix dis-

" solution, ion exchange. hydration. species saturation, and re-

- precipitation. For this reason, .,eight loss measurements cannot
be relied upon to determine either the controlling mechanisms or
the comparative resistance of various fluoride glasses to leaching.

As shown in this study. fluorozirconates leach rapidly in water. p
their solution pH becomes acidic quickly, a thick hydrated layer

Zr forms which absorbs a large amount of water, and crystal precipi-
tates form on the hydrated layer surface. Measurements of solution

(0) Blade Xtal composition by plasma emission spectroscopy, of degree of hy-

dration by infrared absorption, of layer thickness and structure by
scanning electron microscopy, and of crystal precipitate com- P,
positions by X-ray diffraction and electron microprobe analysis
were conducted on a series of fluorozirconate samples. These T

y, measurements have now led to the evolution of a comprehensive
2 Ba. model of the corrosion process.

ac
SThe corrosion mechanism which emerges from these conclu-

sions can be recapitulated as follows:
(I) The zirconium-based fluoride glasses corrode primarily by

matrix dissolution. However. unlike silicates which go into solu-
tion as hydroxides, the components of these glasses go into solu-
tion as fluorides without a prior hydroxylat on step.

0.00 2.55 5.11 7.67 10.22 (2) LiF, NaF, AIF,.and, in some cases, BaF: dissolve at faster

6, X-RAY ENERGY (KeV) rates than either ZrF, or LaF,. This difference in extraction rates.
coupled with the rapid penetration of water into the glass, leads 1"

Fig. 10. EDS analysis of a ZBLA sample from Fig. 8 showing (A) to the formation of a porous. hydrated corrosion layer at the ,"
uncorroded. as-polished surface; (B) dehydrated corrosion layer (crust); glass surface.
(C) spherical crystal deposits; (D) blade-shaped crystal deposits. (3) With time. the leach rates of LiF. NaF. and AIF, remain I

high, while that of BaF decreases significantly as a possible result 7.
of (i) an increase in [F-1 ion concentration, which can inter-

There are numerous additional complications in the corrosion fere with BaF2 solubility, and (ii) the depletion of BaFz from the
process which must be carefully analyzed. For example, the pres- glass surface.
ence ofa liquid diffusion layer allows saturation of the Zr. La. and (4) LaF, is highly insoluble in aqueous solutions and, there-
Ba components and is responsible for the presence of precipitated fore. remains in the surface layer.
crystals on the surface of samples corroded in static solutions. The (5) Zirconium fluoride dissolves into solution as ZrF,. Evi-
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dance of the dissolution of ZrF is supported by its appearance as ; r
, ~ ~~10-I

! _ ~ ~~a precipitated surface crystal. In addition, there is a partitioning: '; t'

xH_3O + yZrF -- ZrF3' (y -x)F- + xHF x1-121 0.-2 9

', -

........ This partitioning favors [ZrF,]* over [ZrF., at low IF- concen-
trations; the two species are equal at -3 ppa m of IF- and the

t.0 10 [ZrF,] concentration drops to only 20% when 10 ppm IF-] is., .
: -" present in solution. Since the fluoride ion concentration rapidly-

4000 3 0increases to >3 ppm during corrosion, it appears that, while the
10 - 4  [ZrF,Ic ion dominates in the early stages it makes up a relatively

), "- --- . : small percentage of the leachate after several hours, when the :E fluoride ion concentration increases above 10 ppm.

WS

- 1 0.-- "I .- dence- ofthe diresluin sofio r is h poeb is aperaed asi
- < 1-a reciitatedo surfccsie croysI iio, the oism alparitionin-

7 30- e atioet the two specis are equal at cr pm o ornde..... _...small perntae o it oneachte after sever hours hen throed

d10- 8  6) A pores n sut and is cove rvdipipaeed icht
.01 .03 0.1 0.3 1.0 3.0 10 crystals of two distinct types. Thes te rlong needlelike crystals

" i" 6 oidentified by X-ray diffraction as ZrF., and spherical assemblages

TIME (days) of thin platelike crystals tentatively identified as ZrBaF. These
___ ___ __ ___ __ crystals form by precipitation due to saturation at the glass-solution

Fig. 12. Comparison of the collective leaching behavior of fluoro- interface, The two crystal types appear to form simultaneously.
zirconate glasses with three well-studies silicate glasses Na:O..SO,. since they are seen to form around one another. Under dilute.
Li:O. StO.:' Pyrex (Comtng Glass Works. Coming. NY).-' well-stirred conditions, the corrosion layer appears to be similar in

character: however, no crystals are formed, even after leaching "
for 10 d."

(g) The thick, porous layer plays a minor role in protecting the
unreacted bulk glass and acts as an ineffective diffusion barrier to
reduce the leach rate. The porosity of the layer reflects the molar

..... ; .....
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Chemical Durability of Fluoride Glasses: II, Reaction of
Barium-Thorium-Based Glasses with Water

CATHERINE J. SIMMONS*

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

The aqueous leaching behavior of three Ba-Th-based fluoride glasses by adding chemical durability to the list of improved
glasses was studied. Results of solution analysis, SEM, and IR characteristics.
spectroscopy are reported and compared with earlier studies
on fluorozirconate-based glasses. Leaching appears to be by 1.Eprmna rcdr
matrix dissolution dominated by component solubility. No hy-
drated leach layer was seen to form on the surface. Only a mild Three glass compositions, melted at two laboratories, were ob-
drift in solution pH, resulting from a limited hydrolysis of tained for the chemical durability study. Table I shows the glass
dissolved thorium fluoride, was observed. The reduced pH compositions selected, the commonly used mnemonics for them.
drift away from neutral, coupled with lower component solu- and the sources of the glasses. These glasses were all prepared
bilities, is credited with the 100-fold improvement in chemical using oxide raw materials with added ammonium bifluoride. " In
durability of the Ba-Th-based fluoride glasses over the all cases they showed low water and low oxide content, as deter-
fluorozirconate-based glasses reported previously, mined spectroscopically.

Stagnant corrosion tests were conducted at 25°C as previously
1. Introduction described.23 5 The solution volume to sample surface area was

maintained at a ratio of 100: 1 for all tests in order to minimize
% It ARIUM-thorium-based fluoride glasses in general have pushed saturation effects. Solution analysis was conducted using a DC

,the multiphonon absorption edge to longer IR wavelengths plasma spectrometer* to measure the solution cation concen-
(near 10 gm) without a significant loss of transparency at the UV trations and using a selective electrode to determine fluoride ion
edge.' In addition to an improved transmission window, these concentrations. All data points represent the analysis of at least two
glasses exhibit higher melting temperatures and, in some cases, a samples with error bars falling within the symbols. Normalized
wider working range below the crystallization temperature and, leach rates were calculated from Eq. (I):
therefore, a greater resistance to devitrification. Fabrication prob-
lems and raw material costs (due to their high rare-earth content) X g 2 d-1
have decreased their popularity; however, they promise to make a S -At wt = Jgcm d

major where X is the ppm in solution. V the solution volume (mL), S thematerials in the future. surface area (cm). At the soak time (days), and wt the weight
A major obstacle to wide technological use of fluoride glasses fraction of element in the original glass.

has been the poor chemical durability exhibited by ZrF4-based
glasses. In this paper. we will examine the aqueous corrosion
behavior of Ba-Th-based fluoride glasses and compare it to that of III. Results
fluorozirconate glasses. In our previous research,2 we have found Leach rates in solution for the three Ba-Th-based glasses are
that fluorozirconate glasses corrode in aqueous solutions primarily plotted as a function of time in Fig. 1. These rates are normalized
by component dissolution, accompanied by ion exchange and hy-
drolysis of solution species to drastically reduce the solution pH. by the concentration of ions in the glass (Eq. (I)) for easy com-
This leads to increases in component solubility and, therefore, parison between different elements, as well as different com-increases in dissolution rates. The results have shown that positions. Filled symbols represent actual measurements. In some
ZrF4-based glasses have very poor chemical resistance to un- cases, where the concentration of cation measured in solution wasbuffered deionized water, especially if the solution volume is lim- at, or slightly below, reliable detection limits, highest leach ratesited or the solution is unstirred. were calculated based on those detection limits and are represented

It was noted that, of the components which make up the ZrF- by open symbols. As shown in Figs. I(A). (B). and (C). in allwas noe studied. ' LaF exhibits the best resistance to chem- cases there is an initial decrease in leach rate during the first 5 tobaseglases10 h, followed by a slight rise which levels off or drops again by
ical dissolution and shows a strong tendency to concentrate on the
glass surface. Since it is the solubility of the major components he fifth day. Also, it is interesting to note that although the major-
which controls the chemical durability of fluoride glasses, and ity of the data lie within a factor of 2 or 3 of each other, there is
since the Ba-Th glasses contain a much greater concentration a consistent order maintained of Zn a Ba > Lu/Yb : F > Th.
sic h a-hgasscoti, uc rae onetain Not surprisingly, the substitution of Yb (Fig. liB)) for Lu %
of rare-earth and actinide components, these glasses promise -

to show better resistance to corrosion if the leaching mechanisms (Fig. I(A)) appears to cause little difference in the leaching bhav-

are similar. ior of the two glasses. With the addition of 9 mol% NaF several

Below. we report results of studies conducted on three Ba-Th ,
fluoride glasses. The tests were conducted in a fashion identical
with that of fluorozirconate studies previously reported. ,
The results show that Ba-Th glasses can further outperform ZrF, Table 1. Glass Compositions

Composition (mtol%)

Mnemonic BaF. ZnF, LuF, YbF, ThF, NaF Source*

BZLT 19 27 27 27 RADC
Prevented at the Glass Divi ,mn Fall Meeting ol the American Ccramic Society. BZYbT 19 27 27 27 RPI

Bediiwd. PA. Oc ,ber I. 19N2 iPaper No 32-G-82F) Received June 25. 1986; BZYbTN 10 27 27 27 9 RPI
restid ciipv recci'ed September 22. 18M. approved October II). It)86

Supported bh the Ollice t Nakal Research under Grant No N(XX14-84--(}.497. "RADC 0 H EI-Bavoumi and M G Drexhagr. Rome Air Development Center.
Memher. the American Cramic Societ. Hanscom Air Force Base. MA RPI C T Mo.nihan. A J Bruce. D Gain. and

'Spectrameirics. Inc . Andoer. Ma. K -H. Chung. Rensselaer Polytechnic institute. Triy. NY
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13 Fig. 2. Average leach rates for all three glasses (Th neglected).

1( 4 - do similar additions to covalent silicate glasses. In addition, the

average leach rates of these glasses. which include a major propor-

"1 tion of the fluorides of Lu/Yb and Th. coincide exactly with the
10 h, La rates observed for glasses in the Zr-Ba-La series.2 This would

-5 BZYbT seem to support the conclusion that individual component solu-
Z bility in solution is the controlling factor and that where large

- 2 i, (C) quantities of low-solubility materials are included. the chemical
10 durability may be expected to improve.

(1) pH Drift Behavior Z.

-3 - As noted previously.2 solution pH drift was of major concern in
10 + N-.. studying the leaching behavior of ZrF.4-based glasses. In that studNthe solution pH was observed to decrease to values below 4.0

Zn within the first 12 h (Ref. 2. Fig. 4), while liquid at the glass
14 ea solution interface was estimated to be at -pH 2.5. This drift asYb ,F attributed primarily to hydrolysis reactions involving ZrF.. Solu-

tions monitored during the current study showed no such pro- ,
nounced drift. Over the 5-d test period the leach solutions remained

10 BZYbTN OTh at fairly constant pH, varying less than 0.2 unit.

.O1 .03 0.1 0.3 1.0 3.0 10 In order to determine the equilibrium pH value of BZYbT glass
with water an excess of fine powder 1=<250 /m) was placed in r

TIME (days) deionized water for several days in a sealed polymethylpentene * "
(PMP) jar.' 2 After 24 h of agitation the pH was observed to have

Fig. 1. Normalized leach rate vs. time from leachate analv- drifted from the initial value of 5 7 to 4.8. No further change in pH
sis for individual elements of the glasses: (A) BZLT. occurred, indicating that. when compared with data obtained for
(81 BZYbT. (Ci BZYbTN.iniaigtawecoprdwhdtabandfr

ZrF,-based glass (pH 5.8 - 2.46),2 the hydrolysis of leach prod-
ucts in solution, and/or ion exchange at the glass surface, is
minimal. Further. this reaction must involve the ThF, solely. since
none of the other constituents present undergo hydrolysis at the pH

differences occur at short times. First. Na is extracted from the values measured." Under the high dilution conditions of these
glass at a rate It) times that of the other glass components, rapidly stagnant leach tests. 100 mL/cm2 surface area. it is not expected
decreasing by 25 times within the first day. This behavior is similar that the solution pH measured in the bulk solution is representatise
to that observed for silicate glasses containing Na and leads to the of the conditions which exist at the glasssolution interface. Lack "- P
formation of a dealkalized surface layer. Ba appears to leach from of solution agitation leads to the formation of a very thin liquid
the surface twice as fast as in the other glasses. and the fluoride layer rapidly becoming saturated with the leach products. and more
concentrations in solution are measurably higher. Finally. no Th at closely resembling the equilibrium conditions described above. A
all could be detected in any of the leaching solutions from the gradual drift toward pH 4.8 would increase the component solu- , P'

BZYbTN samples. bilities and could help to account for the increase in leach rate

observed after about 5 h (Fig. I). Also, as dissolution occurs,
IV. Discussion surface roughness is seen to increase, providing additional surface

area not included in the leach rate calculation (Eq. (Ill." ,#
A composite curve of the average leach rates of all three glasses

is shown in Fig. 2. Within a small scatter, all of the data fit (2) Surface Water Content
comfortably on a single curve. Despite a substantial addition of Infrared transmission measurements (Fig. 3). for the BZYbTN
NaF to the base glass. the overall leaching behaviors appear, from glass showed the same OH stretching (2.9 Arn) and HOH bending
solution analysis. to be nearly identical. These results agree well (6. I ,m) vibrations seen in our previous studies.2 ' with increasing -N
with those previously reported, for the Zr-Ba-La system. where the absorption for longer corrosion times. Additional bands are noted 2,
addition of 20 mol% LiF did not substantially affect the leach rate, at 6.55 and 7.15 Am and may be due to impurities or to the
This tends to support the notion that alkali, added to these predom- formation of oxides.' At present, the source of these modes has not
inately ionic glasses, does not alter the structure as drastically as been determined conclusively for these glasses. Spectra for the

%.. %
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Fig. 3. IR transmission spectra of BZ- X(1.m)
YbTN elass before and after exposure to
deionied water for 5 d. 2.5 3.0 4.0 5.0 6.0 70 8.0 a 0 10

AS POLISHED
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4000 3500 3000 2500 2000 1800 1600 1400 1200 1000
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BZLT and BZYbT samples showed the same features although the is in agreement with those reported earlier by Robinson et at.,'
intensity of the band was marginally less severe. Transmittance who noted that no corrosion was observed up to 200C for a variety
through the sample is decreased across the entire spectrum because of fluoride glasses containing ThF,.
of scattering from increased surface roughness. The degree of
surface hvdration is much less severe than that noted for fluoro- (3) Microscopic Appearance of Surface
zirconate glasses in our earlier studies. The surfaces appeared Scanning electron microscope observation of these corroded
lightly frosted and the samples were translucent, while the cor- samples yielded several interesting results, especially when con-
rodcd fluorozirconate samples had a thick white surface film and trasted with those obtained for the corroded fluorozirconate
were nearly opaque. both in the visible and in the IR. after the same glasses. In our earlier study (see Ref. 2. Figs. 8 and 9) we de-
exposure time. scribed the formation of several layers seen on the corroded sur-

As with the fluorozirconates, exposure of the Ba-Th glasses to face: (1) surface crystal deposits formed by supersaturation of a
high levels of atmospheric moisture at temperatures above the dew thin liquid layer immediately surrounding the sample. (2) a sever-
point produced no visible signs of surface degradation. This result ely cracked, dehydrated layer of transformed material, formerly

_(A) JIR

,~ .4

. ,.. ,(C

• - ' '.ial*%% ' t

Filg. 4. SEM micrograph of BZYbT leached for 5 d at 25°C: (A) leached .
surface and crystalline layer (bar = 100 Mm); (B) polishing lines still
visible on surface (bar= 1O m, (C) magnified crystal deposits - a J 4
(bar =I JALM). .j & *.
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glass. and (3) further signs of hydration and mild corrosion extend- extensive (Figs. 5(A) and (B)) since the polishing lines are no
ing into the bulk material. The combined thickness of (I) and (2) longer discernible and the surface roughness is greater, with many
was estimated at approximately 20 Am + 130 Am = 150 Am for corrosion pits -10 Am in diameter. The most remarkable charac-
samples leached 5 d. In the current study. Figs. 4 and 5 show the teristic of these samples. when compared with the fluorozir-
surfaces of the leached BZYbT and BZYbTN samples, re- conates, is the total absence of hydration/dehydration cracking on
spectively. The surface is seen to be covered with a thin crystalline the glass surface. Whereas, in the previous work, severe cracking
layer which is cracked (due to dehydration during vacuum drying) was seen to extend down into an altered leach layer - 130 Am
and peels off easily. Below this layer is the leached glass surface. deep, in the samples currently under study there is no visible *, ,
Polishing lines are still clearly visible on the BZYbT sample evidence of the penetration of water into the surface. This would
(Figs. 4(A) and (B)). although they are considerably broader than seem to indicate that the water bands seen in the IR spectra for
on the freshly polished sample, and small corrosion pits, rang- these Ba-Th samples are due entirely to water adsorbed in the
ing in size; up to 6-Mm diameter, can be seen. For the sample crystalline laver or trapped between the layer and the gl'ss surface.
BZYbTN, containing 9 mol% NaF, corrosion appears to be more In this case. the intensity of the absorption band may simply reflect

J,

(A) (B) *""

4-.,. ... ;

oit ,. S

.• ,;% ' i 1' ;.

.\ '"" ,:

-- l [~'II . m lInw mar... .. .- -:-

(C)

s ' " 'I .
%E A, I 9

( \ .~. Crystals Th, Yb, Ba

Fig. S. SEM micrograph of BZYbTN leached for 5 d at 25*C (A) leached surface and crystalline laver (bar M (m) . (8) pitted -surface. no polishing
lines visible (bar = 10 Asm( (C) crystal layer peeling from surface (bar =10 gnl(: (DI magnified crystal deposits (bar = I gin). (Ei SEI showing
topography (left) and BEI showing compositional differences (right) (bar = (0 Ami. Crystal dnalysis by WDS.
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the thickness and porosity of this crystal layer. 1 071
Differences can also be noted between the shapes of crystals

which formed on the BZYbT (identical with BZLT) and those seen
on the BZYbTN samples. In the first case, the crystals appear to 1- 2

be of a single type. formed by several vertical plates arranged in 1a72 -

a star pattern, 10 to 20 gm across. In the latter sample, crystals ?..,
of two distinct types can be seen on the surface: (1) Those which 0 I- 3
make up the continuous film (-3 /im thick) are roughly spherical 1..
and 5 I lm in diameter (Figs. 5(C) and (D)), and (2) those which fE
adhere to the glass surface in localized areas beneath the layer 10 -4

(Fig. 5(E)) and aprear to be similar in size and shape to the --
BZYbT/BZLT type. X-ray analysis of the larger crystals, using a a
wavelength dispersive spectrometer attached to the SEM. showed ' -5
higher concentrations of Yb and Ba and a much higher Th reading M i0
than for the bulk glass. The size of the smaller crystals was insuf- X
ficient for reliable analysis. However, from the results of solution 1-6
analysis it can be assumed that they at least contain a high per- u
centage of Th.

10- Yre
V. Conclusions= -- -

Static leach tests were performed on a series of Ba-Th-based 1 -8 -

fluoride glasses. Measurements of solution composition by plasma .01 .03 0.1 0.3 1.0 3.0 10
emission spectroscopy. of degree of hydration by IR absorption, of
layer thickness and surface structure by SEM. and of crystal com- TIME (days)~position bv WDS were conducted to determine the mechanisms

Fig. 6. Comparison of leach rates of Ba-Th-based fluoride glasses
involved in the aqueous corrosion of this family of glasses. with those measured for the Zr-based fluoride glasses., Durable
Although the process appears to involve most of the same mech- (Pyrex)' and nondurable' silicates included for reference.
anisms observed for the fluorozirconates, it would also appear to
e somewhat less complex.

Initially. component solubility is the rate-controlling mech-
anism. This leads to selective leaching of some of the glass corn- (4) Thorium fluoride is only slightly soluble in water at neu-
poncnts (i.e.. ZnF_,. BaF_. and especially NaF). As the matrix tral pH. For this reason, the cation concentration of Th was sel-
dissolves, a crystal layer deposits on the glass surface. This layer dom above the detection limit in the test solutions. Small amounts
formation complicates the dissolution process. of dissolved ThF, ' - '' quickly precipitate as Th,F,, or

The mechanism by which the crystal layer forms can be deduced Th, F,(OH),._,, alone or in combination with BaF, and/or YbF, to
from a combination of leachate analysis. IR spectral data, and SEM form a layer of crystals on the surface.
observations. Shortly after the sample is immersed in the deionized (5) The comparatively small drop in the pH of saturated solu-
water and begins to dissolve, a very thin stagnant boundary layer ti n r e fom hr lysis of dissolved Tolue, , ,tions results from hydrolysis of dissolved ThF'," - ' " i.e.
is established at the glass/solution interface. This layer quickly
becomes saturated with respect to the less-soluble species. where- ThF(s) + H20 - ThFZ(aq) + F-(aq) + H2O
upon crystals begin to precipitate on the glass surface. Increased -ThFOH(s + HF(q) (2)
surface roughness augments the stagnation of the liquid boundary
layer and dissolution/precipitation reactions continue until the
entire surface is covered with a crystalline layer. The evidence for 16) Under stagnant conditions a stationary liquid boundary
the existence of a liquid boundary layer is clear since, if the solu- layer develops at the glass/solution interface. As this layer ap-
lion immediately surrounding the sample were not at saturation proaches saturation, there is a drift in pH toward 4.8 increasing
with respect to the crystals. they would simply dissolve into the solubility limits and, therefore, the leach rate. Concurrently as the
unsaturated liquid or would not form in the first place. This conclu- IF I in solution increases, this enhanced dissolution is inhibited.
sion was also noted for ZrF,-based glasses and is more fully de- (7) Crystals form on the glass surface by precipitation from the
scribed in Ref. 2. Necessarily, there must exist a gradient in pH saturated liquid layer immediately surrounding the sample. As the
matching the gradient in dissolved ion concentration, from the bulk crystals spread to form a thin blanket covering the glass surface.
solution at 5.7 to the glass/solution interface at -4.8 (saturation water is trapped within and beneath this layer. This helps to main-
,quilibrium). This lower pH near the glass surface, resulting from tain saturation conditions at the glass surface while acting as an

. hydrolysis and/or ion exchange of dissolved ThF. enhances the ineffective diffusion barrier to reduce the leach rate. It also creates
solubilities of all of the components. However. the dissolution will an environment leading to a steady-state dissolutionprecipitation
be hampered somewhat by the presence of high concentrations of process for the less-soluble components, while the more-soluble
F in the solution, and will be strongly influenced by the kinetics components will continue to diffuse through the very porous crys-
of crystallization of the less-soluble species as well as the rate of talline layer.
diffusion of dissolved species away from the surface through the Table II summarizes the differences noted in the leaching behav-
highly concentrated solution permeating the porous crystalline ior of the ZBL series2 and the Ba-Th series presented here.

In contrast to the severely cracked hydrated layer seen to form
layer.

The mechanisms governing dissolution of Ba-Th-based fluoride
glasses can be summarized as follows:

1) Corrosion occurs primarily through matrix dissolution of
glass components as fluorides. Table I1. Summary of Observations

(2) Apparent selective leaching of some fluorides (ZnF,. Crystal Leach
BaF,) reflects the higher solubility of these materials in solution. Leach laser layer

- rate Surface thickness thickness Crstal
(3) NaF is selectively extracted from the surface. as evidenced Type Ig/Icm.d)) appearance (AM) (JmI components

by the initially high leach rate followed by a particularly steep drop ZBL I0- Opaque 20 130 Zr, Ba, La
over the first 24 h: this decrease being the result of dealkalization Ba-Th 10-1 Frosted 3 0 Th, Ba. Yb
of the glass surface.

- ~ ~ .~%q % -P~~; %
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e MOLECULAR DYNAMICS SIMULATIONS OF FLUORIDE
GLASS STRUCTURES

J.H. Simmons, R. Faith and G. O'Rear
Department of Materials Science and Engineering

University of Florida
Gainesville, FL 32611 (USA)

INTRODUCTION

Fluoride glasses are of great interest for molecular dynamics (MD)
simulations because of the high ionicity of the bonding of these materials.[l]
This allows modeling the interatomic forces with a spherically symmetric
expression. The function most widely used in modeling inorganic glasses has
been the Born-Mayer Pair Potential:J2]

Vij(r) - Aij exp-(aijr) + qiqj/r

All simulations conducted to date on silicate and fluoride glasses have used
either this function or a variety of minor modifications which inc'de a
truncation term.J3] While this function has appeared to yield a good
simulation of many static and most dynamic properties of silicate glasses, the
lack of angular-dependent terms has posed an uncertainty about the relevance of

f. structural models of silicates. Recent studies conducted by A. Wright and one
of these authors have shown that the lack of angular-dependent forces indeed
causes deviations between the radial distribution function modeled for silica
glass and the results of neutron diffraction measurements.[41

In principle, fluorides with their highly ionic F- ion do not seem to be
,- subject to angular dependent forces. Consequently, the radius ratio concept of

crystal chemistry gives a very accurate guide to the crystal structures of
simple fluoride compounds.[5] Their highly ionic interatomic force should
therefore be adequately well modeled with the spherically symmetric Born-Mayer

% function.

a Several Investigators have studied the structure of fluoride glasses.

and, in particular, heavy-metal fluorides, using molecular dynamics
modeling.[6-11] Glasses in the family ZrF4 -BaF 2 have received the most

attention. In this paper, we report the results of yet another MD study of the

structure of ZrF 4-BaF 2 glasses. However. we show that despite central forces
and the strong radius-ratio induced geometrical character of fluoride

structures, the glass phase has not yet been adequately modeled.

Si
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SUMMARY OF PREVIOUS WORK 0

The pioneer work in this area was conducted in Angell's group, in

collaboration with Lucas.[6] In their paper, MD studies were reported on a

Zr7Ba4F36 glass which was formed by randomizing the liquid at 1500K and
quenching it to 300K. The Zr-Zr radial distribution function yielded 2 distinct
peaks at 3.85 and 4.3A. The short distance peak was attributed to edge-sharing
polyhedra in relatively good agreement with the structure of crystals of

comparable compositions. The fluorine coordination of Zr was found to be 7.5.

Subsequent studies [7] conducted at the same laboratory on Zr2 BaF1 O glass,

randomized at 3000K, then quenched in 2 steps to 2000K and 300K followed the

behavior of this edge-sharing peak as a function of density, Ba ionic size and
Ba ion content. The results show that the edge-sharing peak is reduced by

decreasing density, increasing Ba concentration and decreasing Ba ion size.

Subsequent publications by other groups supported these results. Kawamoto

et. al.[8] studied BaZrF 6 with 108 particles by forming a random structure at

1673K, then quenching to 300K and to 133K. The Zr-Zr pair correlation function
exhibited similar features to Angell's work with a broad peak at 300K which

*i breaks up into a distinct double peak at 133K. Hamill and Parker (9] modeling
200 atoms at 6000K and 300K looked at a number of fluoride compositions,
including ZrF 4 , 30%BaF2-70%ZrF 4 and 40%BaF 2-60ZZrF 4 . Their ZrF 4 model shows a
distribution of fluorine ions into 1% non-bridging, 90% corner-sharing and
9% edge sharing. The Zr coordination by fluorine is 8. Yasui and Inoue [10]
added to this by observing edge-sharlng connections usually surrounded by Ba 0
ions, as had been previously postulated by Angell.[7]

RESULTS OF PRESENT WORK

In reviewing the past work, one generally finds that the distribution of

fluorine ions between non-bridging, corner-sharing and edge-sharing in the
glass is reasonable, since these reflect structures also found in the crystals.
The difference in coordination numbers is puzzling ard the split in the Zr-Zr
pair correlation function is very surprising. The molecular dynamics glasses

are purely ionic, due to the exclusive use of the Born-Mayer potential. Under -
this condition, the radius-ratio concept models very well the crystal
structures found in nature. There is no reason to believe that this concept
should fall in the glass structure. The radius-ratio concept results from the N
well-known tendency of Coulomb forces to maximize coordination of the heavily-
charged cations (Zr+4 in this case). The size parameters used for the Zr+4 and
F ions were selected to yield the proper Zr-F and Zr-Zr distances. They do so

admirably, as found when comparing EXAPS and X-RAY data to MD calculations. In
fact, all investigators use about the same size for Zr, F and Ba using Angell's
calculations [6] and those of Tosi and Fumi.(12] The large sizes chosen for A

Zr+4 compared to F-, however favor Zr coordination numbers greater than 8. -

The second puzzle is presented by the split in the peak of the Zr-Zr pair

correlation function. The minimum observed in the split of the peak indicates a S

very low probability of finding Zr atoms separated by the corresponding
distance (about 4A). This result is difficult to understand since purely ionic

forces cannot exclude Zr ions, from any space outside the first coordination

shell. Only the translational invariance of crystal structures can lead to such

. e. ,, ...e ..e . .. c-..' .." .'... - , . ..-w .e~~e ,e~~v. ., 0
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an exclusion. The Ionic amorphous structures are solely determined by charge
balance and the geometrical accomodation of each Zr Ion with Its first
coordination shell. Therefore, while the reported minimum is expected in
crystalline structures, it should be very unlikely in amorphous structures.
particularly those made by MD techniques modeling pure Ionic forces In a solid
rapidly quenched from some equilibrium liquid structure where randomization
dominates.

We conducted MD studies of ZrF4 . Zr3 .2 5 BaF15 and Zr2BaF 1 O glasses to lo
investigate these puzzles. Calculations were conducted with 600 F- ions, and
the appropriate number of Zr+4 and Ba+2 ions (150, 130/40 and 120/60). Our
samples were equilibrated at 5000K for 4000 time steps, then quenched to 1500K
for another 4000 time steps. The glasses were made by further quenching these
samples to 300K and 133K. Analyses were conducted after 1000; 2000, 3000 and
4000 time steps. The interatomic pair force used was a screened Born-Mayer
function:(3.13]

Fij(r) = [Bij exp(Ori4j-r)/p + ZiZje2 /r2 ] [1 - (r/Rax.)6 ]

The size parameters used were those of Ref. 6 [(r(Zr) = 1.35A, ai(Ba) 1 1.65A
and oi(F) = 1.237A].

The first problem encountered was in the selection of the screening
distance, R Prior studies by numerous investigators had shown that, for
silicate glasses, an Rmax value of 5.6A was sufficient to yield an accurate setof pair correlation functions. This was found not to be the case here. Figure 1 ,
shows. In Z i 4 glass. a comparison of the Zr-Zr pair correlation function
obtained from calculations with Rmax = 5.6A (Fig l(a)) and that obtained with
Rmax - 9A (Fig 2(a)). The latter was the minimum size beyond which no further
change was observed. The fluorine coordination number around Zr was also
affected, varying from between 7 and 8 for the short Rmax to between 8 and 9
for the long Rmax . All subsequent calculations were conducted with Rmax = 9A.

The Zr-Zr pair correlation function of Fig. l(b) shows no split peak.
However, it is broad enough to include both the edge-sharing and the corner- ,d

sharing distances. No split peaks were observed in the other glasses containing
BaF2. An examination of the glass structure revealed the existence of numerous
edge-sharing structures. In fact, a few face-sharing structures were observed
in the ZrF4 glass, where 3 fluorines were bonded to the same 2 Zr ions. The
distributions of edge-sharing, corner-sharing and face-sharing structures were
calculated and will be reported. The coordination of fluorine ions shows that
there are 3 Zr-coordinated fluorine ions as well. The fluorine coordination
about Zr has a very broad peak as should be expected for amorphous structures.

We found little difference between the 300K and the 133K data. as
expected, since mass transport and defect motion are not possible at these
temperatures in the experimental times. The reduction in the span of thermal
vibrations has a slight effect of sharpening some of the features, but the
major characteristics of the structure are present at both temperatures. As
will be seen by photographs of the structure, the presence of different
fluorine and zirconium environments was best Investigated through a visual
analysis of the structure. The pair correlation functions did not show distinct
features corresponding to particular structural arrangements. This, we feel, is
more consistent with the characterttLics of amorphous structures.

! '.%
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An examination of the Zr-Zr and Zr-F correlation functions revealed that
both the Zr-F and the Zr-Zr distances are smaller In the Ba-free glass
Indicating a possibly tighter structure. For example, the Zr-F nearest neighbor
peak was narrower and shifted to shorter distances In the ZrF4 glass. Also, the
distribution of coordination numbers of F about Zr is noticeably narrower in "

the ZrF4 glass. Both these results lead to the expected conclusion that the S.

addition of Ba loosens the Zr coordination sphere, adds more F- ions to it and
generally increases disorder in the structure. Further studies of the specific 7
effect of Ba on the glass structure and the glass formation tendency in this
system are on-going.

CONCLUSIONS

Unlike real experimental studies, ND calculations should generally not
vary between investigators if the calculation methods are sufficiently alike.
The differences reported therefore should result from differences in the
calculation algorithms.

We immediately see 3 possible sources of differences, although more may
arise from discussions between the authors, which this paper hopes to
encourage. These are: (1) the number of particles used, (2) the force algorithm r
and (3) the fictive temperature of the glasses modeled. Our studies, reported
here. have used between 750 and 780 particles. Calculations with up to 2000
particles showed the same reults. However, most investigators have used a
dangerously small number of particles (particularly in view of the presence of
3 kinds o Ions) with fewer than 200 particles, and some as low as 108.[8]
When the number of particles is low, one must be concerned with conducting
calculations at constant volume, instead of constant pressure, (14] and in
boxes with fixed flat sides instead of allowing the structures to determine the
shape of the periodic boundaries.[15] Under the condition of a small number of
particles, crystallization or the formation of a more ordered state are more
likely and could explain the splitting. This and the thermal history of the
sample could also affect the fictive temperature and thus lead to different
structures. Finally, as we have shown, the force calculation algorithm can have
a strong effect on the structure developed. How is the force truncated? How are ";.
the Ewald sums conducted?
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CORROSION LAYER FORMATION OF ZrF4 - BASED FWORIDE
GLASSES

D.G. Chen, C.J. Simmons and J.H. Simmons
Department of Materials Science & Engineering

University of Florida
Gaineavills FL 32811 (USA)

INTRODUCTION

Fluoride glasses offer excellent transmission characteristics at visible
and infrared wavelengths. Therefore they have great promise for applications
as optical components and fibers. However, their poor chemical durability

0 appears to be a crucial limiting factor for their practical applications.
ZrF4 -based heavy metal fluoride glasses appear relatively stable in the
presence of water vapor [1] but degrade rapidly when contacted by either
condensed or liquid water [2]. Early studies of aqueous corrosion of these
materials done by Simmons, et al [2) found a) dissolution of the glass into
the aqueous phase, b) develorent of a hydrated surface layer manifested by
the appearance of a 3440 cm- (2.9 /pm) - OH stretching band and a 1630 cm-

(6.1 pm) H2 0 bending band in the IR spectra and c) precipitation of crystal-
line dissolution products on the surface. This work also suggested that the
hydrated surface layer was not protective. Subsequent studies of the hydrated
surface layer via IR spectroscopy [3] and SINS [4] showed that its thickness
increased with increasing time and temperature of exposure to liquid water. A
number of other studies have been conducted on the aqueous corrosion of ZrF 4
glasses. [5-11] These show. that fluorozirconates leach rapidly with crystal
precipitates appearing on a highly damaged surface. Recent work by Simmons
and Simmons [6] has developed a corrosion model for the attack of fluoro-
zirconates by water. This work suggests that these glasses corrode primarily

by the dissolution of ZrF4 and other fluoride components. The hydrolysis of
the dissolved fluorides (mainly ZrF 4 ) leads to a rapid drop in solution pH to
very acidic values and to a dramatic increase In leach rates due to an
increase in the solubility of the glass components (11).

The objective of the present study was to examine the corrosion behavior
of ZrF4 -based glasses under different corrosion conditions i.e., temperature,
time, surface area to solution volume ratio (s/v) stagnant versus stirred and
solution pH value. The mechanism of dissolution and surface layer formation
Is discussed.

Tnis research was conducted under Grant #N00014-84-0497 fr,*tm, the Offi'.a of
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ZrF4-based glass samples were corroded under different corrosion condi-
tions Including very low dilution static tests (s/v a 40). intermediate
dilution static tests (s/v - 1). and very high dilution dynamic tests
(s/veTime - 10"5 /cmshr). The corroded samples were removed from the solution,
rinsed In methanol and then in toluene to remove adhering liquid. The layer
formation was observed by scanning electron microscopy on both the surface and
the fractured cross-section of each sample.

The micrographs in Fig. 1 show the formation of corrosion layers on ZBLA
glass during static tests in DI water for different times. We can see clearly
the formation of a transform layer due to the reaction between glass and water
as water penetrates into the glass starting from the original glass-water
interface. Above this layer, a crystalline layer can form containing several
different crystal types owing to the supersaturation of the water film adja-
cent to the glass surface. Under this corrosion condition, at the beginning.
as shown in the 0.5 day picture, the main crystal precipitates are blade-shape S
ZrF4 crystals (6]. Another hemispherical crystal usually forms afterward and
covers the ZrF 4 crystals. Additional types of crystals can precipitate out
when the concentration of corrosion species reaches the corresponding solu-
bility limit. The depth of water penetration, plotted as the thickness of the
transform layer, varies with the length of exposure as shown in Fig. 2. The
measured thickness of the transform layer varies spatially over the sample as "
indicated by the error bars in Fig. 2. Within the experimental time no steady
state was reachedo The thickness of the transform layer increases rapidly at
first and much more slowly at longer times.

The TGA weight loss measurement of the corrosion layer containing both
the precipitation and transform layers of a seven day static test sample,
shown In Fig. 3. shows an 18% weight loss due to water and suggests that these
layers are very porous.

Flow tests were conducted in order to maintain a stable solution pH value
and prevent corrosion species build-up in the near glass surface water film.
ZBLA was corroded under stirred flow conditions, where approximately 7.5
liter/hr of DI water flowed through the corrosion vessel, the solution was
stirred and the solution pH. remained above 5.2. In this case, no local super-
saturation near the glass-water interface could develop.

A transform layer enriched with water formed on the flow samples. Its
appearance Is different from that of the stagnant test samples. The layer
thickness increases with time almost linearly as shown in Fig. 4 and no steady
state was reached. Corrosion in flow tests is less severe than that in
stagnant tests, (compare Fig. 4 with Fig. 3). because at this solution pH
value the rate of aqueous attack Is much slower than that seen for more acidic
environments (11].

Crystals were observed to precipitate from solution onto the glass
surface even in very high dilution conditions due to local supersaturation of
the near glass surface water film when the solution was not agitated enough to
carry away the corrosion species.

id,
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For samples corroded at different temperatures In stirred flow tests a
surprising result was found, as indicated in Fig. 5. The transform layer
thickness increases much more rapidly at higher temperatures, i.e. above 45C.
when compared with the samples corroded at temperatures below 45C. This
abrupt change in slope suggests two different corrosion mechanisms, each one
being dominant over a different temperature range.
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The aqueous corrosion behavior of glasses from two heavy- sider when selecting a material for any purpose is its ability to resist
metal fluoride families (ZrF4-based and BaF2-ThFa-based) was corrosion during normal use. Since both gaseous and liquid water
studied as a function of controlled solution pH and of glass exist in great abundance in our environment, and since water is

o, composition. Leach test results demonstrate a profound pH known to react with and cause the deterioration of glass over a
, dependence of corrosion over the range pH 2 to 13. Whereas period of time, it is essential to study these reactions in order to

the glasses readily undergo congruent matrix dissolution in attempt predictions of the long-term effects of environment on
acidic media, they exhibit a marked increase in chemical du- the glass, its vitreous stability, optical properties, and mechan-
rability in neutral and basic solutions, with the optimum aque. ical strength.
ous environment occurring near pH 7. Results of this study are Several authors have studied the effects of gaseous water on
discussed and compared with results reported earlier for leach fluoride glasses. Early studies of vitreous BeF2 found it to be ver
tests of these two compositional families in unbuffered de- hvgroscopic.- rapidly showing signs of surface degradation on
ionized water. In addition, several testing methods, both static exposure to air, while multicomponent fluorobervllate glasses con-
and dynamic, are described and point to the importance of taming substantial amounts of the alkaline earths were found to be
appropriate test selection in predicting the corrosion resistance more resistant. Although a recent study' of BaF,-ZnF--YbF,-ThF
of these glasses over prolonged periods. (BZYbT) glass heat-treated in air at a temperature near the glass

.transition showed a diffusion-controlled -OH uptake at the glass
"0 I. Introduction surface (penetrating to a depth of - 10 Asm in I d). in general.heavy-metal fluoride glasses. such as those studied here. have been

INC'E the discovery of the first infrared-transparent heavy-metal found to be remarkably unreactive to high levels of atmospheric
4 ." LJfluoride (HMF) glasses more than a decade ago.' the physical moisture over prolonged periods at temperatures below the transi-

and optical properties of a vast array of stable compositions have tion range (i.e., 25' to 2000C.- '

been studied. One property which is particularly important to con- On the other hand, chemical durability studies ot two major
families of fluorides. ZrF -based ' ,- and BaF--ThF -based "

glasses. ha%c shown them to be highly susceptible to corrosion in
liquid water. It was demonstrated through leach tests that the Ba-
Th-based glasses were 50 to 100 times less prone to attack in

Presented it the S6th Annual Neeting ,i the American Ceramtc Sotnet.. Pittsburgh. deionized water than glasses based on ZrF,. but that they were still
PA. Apri 30. I 4 Glias, Dtsj,wn. Paper No 9-G-841 Retceied August 26. 1986 1000 times less durable than some commonly used silicates." ' It
reshd op) recetied March 9 1987. appro ed April 13. 1987-

5uppined h- the Office of N.jsl Research under Grant N N0014.. 84.. .97 was also noted that the pH of the solutions underwent drastic
"Member, the Amer can Ceramic Societ ii,, - ,.pid! m6 frrm the neutral into the acidic range.
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Table I. Glass Compositions i"-1
Composition i moll'

ZBLAL- BZYbT" BZYbTN- CtE
ZrF 51.8 0
BaF, 20.0 19 10 a
LaF5  5.3 w
AIF5  3.3 -2--Soi
LiF 19.6 c1
ZnF 27 27 -
YbF7 27 27
ThF, 27 27 <bNaF 9 LU

Source: D. C. Tran ' U.S. Naval Research Lab. Washington. D.C Source: C. T. 3
ionihan. A. J. Bruce. D. Gavin. and K. -H. Chung. Rensselaer Poly technic Insti- W 1 \

tuie. Troy. NY. N
-J
< Powder

0 ZBLAL
during leaching of ZrF,-containing glasses.'H This acidic shift in Z 1,4
solution pH was much less severe in the case of Ba-Th glasses. The 10 I
contrast in leach rates observed for these two compositional fami- 0.01 0.1 1.0 5.0
lies was believed to be due. primarily, to increased solubility of TIME (days)
fluorides in the more acidic solution. " The following study was
undertaken in order to compare these glasses under equivalent Fig. 1. Comparison of NLR for a rectangular bulk sample and a
conditions by eliminating the variable of solution pH drift. It is powdered sample with the same calculated surface area.

hoped that. through gaining a better understanding of the basic
mechanisms for dissolution in these HMF systems. predictions of
corrosion behavior can be made for a variety of use conditions and
that the most favorable aqueous environment can be determined. (1) Powder vs Bulk Samples

In order to verify the equation used to calculate the surface area
of the powders used in this study (-45. -60) mesh . inca-

11. Experimental Procedure surements of leach rates in deionized water were periormed for a
bulk sample of known surface area and compared to a powder

Leach tests were conducted on the three fluoride glass com- sample whose surface area was calculated to be identical from the
positions listed in Table 1. The effect of solution pH on glass following equation:
c)rrosion rates was determined by chemical analysis of the leach- 4
ate solution from glass samples immersed in a series of standard 250 cm- ,
buffers ranging from pH 2 to 10. Additional solutions were pre- p cm/2 21
pared over the range pH 2 to 5 using HCI, and over the range
pH 1O to 12.4 using either NaOH or NHOH, to compare with where p is the glass density. The comparison is plotted in Fig. I
results obtained for the commercial buffered solutions. In the case and shows good agreement between the two types of samples for
of acid solutions, the use of HF or H:SO was avoided because, in times up to several hours. It is thought that the slight difference
the case of HF. large concentrations of F in solution would be noted at the shortest time (15 min) is due to the difference betw een
expected to inhibit dissolution of fluoride species from the glass the surfaces of the polished bulk sample and the freshly fractured -,"

(see Ref. 9. Fig. 6) and. in the case of H2SO, the formation of powder sample. The dissolution rate of ZBLAL glass is sut- ,'
insoluble sulfate complexes might lead to a difficult or erroneous ficiently high that a notable reduction in powder surface area oc-
analysis of the leachate. All tests were carried out in sealed poly- curs after 3 to 5 h in deionized water and the data no longer agree.
methylpentene (PMP) containers in solutions maintained at 25°C. At the end of 4 d, the leach rate for the powder sample was ',,, that *

Solution cation analysis was conducted by use of a dc plasma of the bulk sample. These results show that Eq. (21 yields a correct N
spectrometer. value for the surface area of the powders used in the study and that.

Normalized leach rates (NLRs) for individual elements were when using powder samples. it is important to continually monitor
calculated using Eq. 11) with all elements normalized to com- the solution to ensure that the test is stopped bcfore extensive
position: leaching, and consequent surface area reduction, has occurred

I1 to 5 wtgl.
X(10)V

= NLR (g/(cm'dl ( I (2) Selection of Test Conditions
The results obtained from leach rate measurements have been

where X is the concentration of cation in solution (ppm . V is the shown to be strongly influenced by test conditions. " '  Fluoride
solution volume (mL). S is the surface area (cm-). At is the soak glasses are particularly susceptible to this problem because, under
time (d). and wi is the weight fraction of element in the original stagnant conditions, a thin. static liquid boundary forms around the
glass. glass as it leaches.' - " ' '" This liquid film rapidly becomes saturated

All glass leach rate samples were freshly powdered and sieved with respect to the less soluble glass components and leads to
to -45. +60 mesh (250 to 355 um), except as noted in Fig. I. precipitation. crystallization, a local solution pH drop (near pH 2.5
Powders were used to maximize surface area in order to maintain for ZBLAL and near pH 4.8 for Ba-Th-based glasses). and an
ion concentrations well above detection limits while minimizing apparent noncongruent leaching of the glass surface. These cons-
the quantity of glass used. Soak times were 15 min in acidic solu- plications tend to mask the ultimate mechanisms of dissolutton.
tions and 3( to 60 min tn neutral and basic solutions. The precise A number of experiments were performed to determine the
test method used for this study and the reasons for its selection are method of testing that would yield the mo,,t reproducible results
described in the following sections. with the fewest variables. The results are sho\,n in Fig. 2.

The effect of solution pH on the infrared transmission character- All tests in Fig. 2 were conducted using small amounts of
istics of these glasses was monitored through the use of polished" freshly powdered ZBL.\L glass I -45, - 60 mesh) immersed in a
rectangular plates (I cm by I cm by 0.3 cml exposed to the same standard buffer solution at pH 2.0 for 15 min at 25'C in a sealed
solutions described above. PMP jar. The ratio of solution volume to surface area I 1'r'S was

.* ,......
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Fig. 2. NLR v testing method for ZBLAL glass leached at pH 2.0. H
S.mbol, for individual elements in each test are displaced horizontally to ..
improve clarity. Fig. 3. NLR vs solution pH from leachate analysis for indi- ,

-/ vidual elements of ZBLAL.

maintained at L4 mL.cm- for all except the last test (F). as

.noted. Duplicate analyses wecre run on the solutions collected after the glass grains through collisions with other grains or with the
each experiment, floor of the container.

Column IA shows the results of a stagnant leach test in which In order to achieve constant and more gentle agitation, the glass %
the solution was decanted gently into the two sample vials in order powder was dispersed in solution and the container was placed in

; to avoid disturbing the powder and, or the concentrated liquid film a horizontal rotating cylinder at 50 rpm. This exposed the powders
, adhering to each grain. The errbars rpentthe differences in to linear flow selocities of 10 to 15 cm/s. It wsfound that this

the two leach rates calculated from analysis results of the two speed was fast enough to maintain the powders in suspension ,
solution samples. while the symbols represent the average. The without causing them to pulverize. The resulting leach rates are %
differences shown could arise from two sources: I1) a small glass plotted in column (E) of Fig. 2 and show an increase in solution p
grain may have been introduced into one sample. or (2) an ion cation concentration for all elements except La. Since the La values ,

"- concentration gradient may have existed in the stagnant solution so were consistent for (C). (D), and (E). it was suspected that satu-. , "
that a liquid sample poxured from the top of the leach container ration may have occurred. Therefore, the solution volume was NI"L

,might have a lower ion concentration than one collected from the doubled for (F) with the results that the La concentration increased
-. bottom near the powder. An identical stagnant test (B) was per- by a factor of 1.4. The sample can now be seen to be dissolv-

in I ,

f ormed: however, the container was gently agitated just before the ing congruently in this pH 2.0 solution, no longer inhibited by spe- ',IA

contents were passed through a filter membrane. ln this case both cies saturation and inhomogeneous solution conditions.
,,% solution analys,:., sieided nearly identical results, falling within the It is evident from Fig. 2 that vastly different results can be -.
."data points, and indicate a well mixed solution. Also. the ion obtained by varying the test method. Although in some instances :
- concentrations in solution were found to be somewhat higher in (B) it is necessary to select a particular method in order to mimic and''-

than in Al4. leading to a higher calculated leach rate. This result understand specific in-use conditions. it is preferable. when in-",e'
.. ,,terns from the disturbance of the concentrated liquid film during vestigating basic mechanisms, to select a method s~hich avoids

agitatton and filtering., extraneous complications. For this reason all subsequent NLR
The data show-n in Figs. 21C)I and ID) resulted from tests in results discussed in this stud.', were obtained using the method

sshich the samples underwent brief (30) sI ultrasonic agitation at described in Fig. 2(F) at a ratio VS = 20 cm for acidic solution,,s1
the beginning and end of the I5-min testing period. The initial and V/S = 10 cm for neutral and basic solutions in which the
agttation was designed to ensure that none of the glass grains would glasses dissolve more slowly. •"

• . remain floating on the surface and the final agitation was carried .

out in order to disperse. evenly and completely. the concentrated III. Results '

liquid film which formed around each grain during the intervening
":'14 mai of stagnant leaching. Two conclusions can be drawn from Leach rates based on solution analysis and calculated from

the identical results. First, ultrasonic agitation at the end of the test Eq. II are plotted as a function of solution pH in Figs.. 3 to 5 for
periodl was effective in dispersing pockets of highly concentrated the three glasses listed in Table I. All data are based on duplicate
s olutlton. leading to an overall increase in measuring leach rates, solution analyses of at least three test samples for each pH value. "

"'and second, no further homogenizing of the solution is necessary Reproducibility ssas quite good. usually within 2(:'. and the data
, ,through a filtration step sshn using this technique. There are. poins represent the average of the values measured for each solu-

hos, ever. disadvantages associated with using ultrasonic mixing. tion set. r'

Although it is desirable to avoid the complications associated with Figure 3 shov,,s the behavior exhibited by indivtdual elements of
local saturation during stagnant leaching. severe agitation over a the ZBLAL glass sshen esposed to solutions oxer the pH range 2 5

' more estended period of time may cause additional fracturing of to 10. There is a profound improvement in corrosion resistance. bs -

A Zr
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Fig. 4. NLR vs solution pH from leachate analysis for individual ele- Fig. 5. NLR vs solution pH from leachate analysis for indi-
ments of BZYbT. vidual elements of BZYbTN. _

a factor of nearly 100000. for samples maintained at neutral pH.
with the minimum occurring near pH 8. The pH 4 and 5 commer-,..I V I

cial buffers contained an organic acid. potassium biphthalate. 1
which we felt might cause some interference in the leaching pro-
cess or in analysis. Therefore, additional tests were performed

using dilute HCI added to deionized water to produce solutions I
over the range of pH 2 to 5. Because of the strong tendency of -3 161
dissolved ZrF ,-4 to hydrolze,. thereby causing a reduction in <
solution pH. it was necessary to continually add small quantities of S Q.
0.O0IN NaOH to the unbuffered, stirred pH 5 solution during the
test in order to maintain a pH of 4.8 to 50. The other solutions -2- \

J10P(pH 2. 3. and 4) remained at a stable pH over the 15-min test
period. The results of these tests showed good agreement with
those obtained for the commercial buffers.

In addition to the marked decrease in leacih rates observed when 3- BZYbT-.?
going from acidic to neutral solutions, the data show the dis- 10 v.._ A .@

solution process to be nearly congruent, within a factor of 2 or 3, ..

in all solutions except pH 5.0. In the latter case the V/S ratio of -s '. ..

10 cm may have been sufficiently low to cause some species to -4 N<
approach saturation and interfere with the normal dissolution pro- 10 inreas i".
cess. In moving from neutral to basic solutions a slight increase in I
the solubility of some components occurs. causing an attendant
increase in the normalized leach rates. 151 1 1_ "

The leachine behavior of the Ba-Th-based fluoride glasses. 10 2 3 4 5 6 7 8 9 10
BZYbT (Fig. 4! and BZYbTN (Fig. 5). follows the same general pH
trend as that seen for the fluorozirconates. There is a steady im-
provement in durability as the solutions go from the acidic (pH 2) Fig. 6. Overall leach rates vs solution pH for all three com-
to the neutral (pH 6 to 8) range. followed by a marked decrease in positions: ZBLAL (Z,; BZYbT (-); BZYbTN (0).
durability at pH 10. Data collected at pH 12.4 (Fig. 4) do not
follow the same trend, falling well below the expected values. This
unexpectedly low leach rate may be due to the nature of the solu-
tion in shich the samples were tested. Since no commercial buffers were not available forpH 7 and 10since both solutions initially con-
were available in this range. the solution was prepared by mixing tained Na and the analysis was considered to be unreliable. How-
I part concentrated NHOH with 3 parts deionized water. It is ever, in these short-term tests (30 to 60 min), it is reasonable to
thought that the presence of such high concentrations of NHOH assume that the Na extraction rates will remain consistently higher.
(3 7M) in solution caused the formation of insoluble complexes.
both in solution and on the glass surface, and led to the lower NLR IV. Discussion
measured. For thi. reason, further use of NHOH was avoided.

Figure 5 demonstrates that the addition of c mollt NaF to Overall corrosion rates for the three glasses under investigation '

the base glass does not appreciably alter the overall durability of the were calculated for each pH value by summing the individual
glass. although Na is leached at a rate - t0 times higher than the dissolved cation concentrations, and by assuming a stoichiometric
other components. This observation agrees with previously re- dissolution for F , before applying Eq. (I . The results are plotted
ported leach test results for this glass in deionized water. "' Na data in Fig. 6.

%.
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(1) Fluorozirconate Glasses obtained from short-term stagnant tests. (A) and (B): therefore. in
It has been shown in previous work' that a wide variety of order to compare the results from our earlier study with those

fluorozirconate glass compositions dissolve at a nearly identical described here. the previously reported stagnant test results should
rate during the early stages (<2 h) and that the ZBLAL glass be multiplied by 10. This allows us to estimate the drift in pH at
selected for this study is representative of this group. In Ref. 9 the glass/solution interface. The average (corrected) leach rate over
(Fig. 4) solution pH drift was monitored as a function of leaching the first hour becomes 3 x 10 ' g/(cm"'d) for ZBLAL. which
time in deionized water. The pH drop over the first hour. from an corresponds to leaching at a constant pH of 3 to 4. Remembering
initial value of 5.8 to a final value of 4.2, was attributed to hydro- that the initial rate must correspond to pH 5.8 (deionized water)
lysis of dissolved zirconium fluoride. It was also suggested that a and that the solution was found to be 4.2 at the end of the I-h test.
static liquid film surrounding the glass was rapidly becoming satu- it is clear that the average rate corresponding to pH 3 to 4 could not
rated with respect to the less soluble species (particularly Zr and Ba be achieved unless the environment surrounding the sample is
compounds) and was likely to be much more acidic than the bulk much more acidic than the solution as a whole. These results.
solution. With time the acidity of this film may approach pH 2.5, added to the evidence that crystals of zirconium fluoride and bar-
the equilibrium for ZBLAL dissolved in HzO. Through the study ium fluoride are seen to precipitate on the glass surface after a few
of the leaching behavior of this glass in solutions of controlled pH hours, even when concentrations in the bulk solution are well
we can determine whether the rates previously measured for below saturation, seem to support the conclusion that a thin. con- ,
ZBLAL correspond to the bulk solution pH (i.e.. >4.2) or whether centrated static liquid film develops around the sample under stag-
a more acidic environment is indicated. nant conditions.

In the present work. Fig. 2 demonstrates that ZBLAL leach rates In addition to demonstrating the large detrimental effect of solu- %

measured in constantly mixed solutions by the powder rotation tion pH drift on the chemical durability of fluorozirconate glasses.
method. (E) and (F). are typically a factor of 10 higher than those the data in Fig. 6 are also very useful in determining the most

. . . . .".-. .I
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Fig. 8. Infrared transmission spectra for 6Dy nH0-p .-.
ZBILAL plates before and after exposure to solu. -III - .L
(ions containing A )NH OH. pH10 6. L~-riB8 NaOH. pH 13. and (C pH 10.0 butfer. fol. 4000 3500 3000 2500 200C 1800 1600 1 400 1200 1000
lowed bv immersion in deionized water, WAVENUMBER tern-11

advantageous aqueous environment. Although in acidic solutions deionized water produces a peak intensity somewhat less than is
these ionic glasses dissolve very rapidly, in a solution maintained seen for 15 min at pH 2.0. but the sample has developed a surface%
near pH 8.0. the% ure only -i 5 timles less resistant to corrosion film, making, the -flass appear cloud%. The hydration noted in
than durable silicates (i.e.. Pyrex.* Ref. 10. Fig. 6). This large Fig. 7tA) appears to be nearly, and perhaps completely. rev~ersihle
chanee in dissolution rates ret'lects the change in solubility, of the as shown by the dashed curve representing the transmission spec-
fluoride comlponents in acidic. neutral, and -basic solution .s. trum obtained after overnight drying at 9X0C under vacuum. The

(2) nfrred n ZL4Lsame drying behavior has been noted for samples soaked in de-
(2 nrrdEffects inZLLionized water.

Chanes in the infrared spectra arising from cexposure of po1. The leach rate at pH 7 (buffered) is nearly 105 times lower than%
ished ZBLAL specimen to pH 2. 7. and 10 solutions are shown at pH 2. Therefore, the soak time was increased to 14 d
in Figs. 7(A). (B). and (C. respectively. Immersion in 0.0IN (Fig. 7(B). long enough to allow -317 of the extent of comsion
HCI ipH 2.0) for only, 15 min (the normal test period for powder in (A). A small band can be seen in the -OH stretch region but, as
samnples) produces unmistakable evidence of surface hydration in vet. there is no sign of the bending vibration. This may indicate the -

the fornm of the typical -OH stretching (2.9 arn) and HOH bend- ioation o~f a thin hydroxyl layer on the surface or may simply
ing (6 1 jAnn % ibrations seen here (Fig. 7(,A)) and elsewhere.- result from too short 'an exposure time. since the 6.I1-gm band is
At I h these hands are csen more protnounced although the weaker and is sometimes difficult to distinguish at the early stages .

saitiple surface remained fairly clear. By, conmparison. a I -h soak in of' corrosion. p
Figure 7(C) shows the results of a 13-d soak in the pH 10.0)

buffer solution followed by vacuum drying for 15 min. There is
virtually no change in the spectrum even though the corrosion rate

'Corning (;Itj,, 'InIks. Corning. NN is approximately the same as for pH 7.0 and, according to solution

P V, '0* ~ *~U t.' * S U~
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10' Table I. Solution pH Drift (ZBLAL)
I DH 10.0 BUFFER DI WATER Solution pH

2-EXPECTED" Time (hi Without pretreatment With pretreatment

0 5.8 5.8
1 4.2 5.8

04 4.0 5.7
19 3.5 5.6, , 24 3.6 4.2

10 4 MEASURED . 72 3.4
96 3.8

,8 ~ ~~~ ,".'"a.'"."",........"....

o01 0 o .0 0 to the conclusion that. although less soluble species may occupy .,
0.o 0.1 1.0 10 the surface temporarily, after several hours in water they dissolve

TIME (days) and the corrosion rate returns to normal. ,.

(3) Ba-Th-Based Glasses
Fig. 9. NLR vs time for ZBLAL during pretreatment in pH 10 buffer for As in the case of fluorozirconates. the Ba-Th-based fluoride
I0 d. followed by leaching in deionized water for 6 d (solid circles). Open
circles represent values obtained for ZBLAL without pretreatment (Fig. I). glasses exhibit a significant change in leach rate as a function of
leached under identical conditions, solution pH: however. this change is not nearly so pronounced. At

pH 2 these glasses are seen to be 20 to 50 times less soluble than
ZBLAL. but at pH 6 to 8 they leach at a rate 10 times higher than
Zr-based fluoride glasses. In our earlier studies - '- it was shown
that the overall resistance to corrosion in deionized water was much

during the 13-d test. Absence of the usual 2.9- and 6. 1-Am features glasses than for the fluorozirconate
family. This was thought to be due to the difference in solubility

indicates a complete lack of surface hydration in this solution. The
only notable feature is an unidentified band at 6.3 m which could of the major fluoride glass components (Zr. Ba. Li vs Th. Yb) and.

%be due to the formation of a hydroxide species on the surface or to in particular. to the difference in the solution pH drift behavior forbe, due m tv, tfrtthe two systems. Whereas extensive hydrolysis of zirconium fluo-an"mury ride in solution led to a very large drop in solution pH for the
Figure 8 shows a comparison of the effect of solution com- Zr-containinc classes. no such pronounced effect was seen in this

position and pH on leached ZBLAL samples. Within 15 min after system where hydrolysis of thoriu floiewsberdtoeimmersion in 0.01N NHOH (pH 10.6) the IR transmission is seen um fluoride was observed to be

to decrease by - 15% because of increased light scattering, proba- very limited. The solution at the class interface drifts very slowly
decreaseby 5 becaunesewith ofn e igt cattesorringtoward 5 and never drops below 4.8.'" the equilibrium pH forblv from surface roughness, with only minor changes occurring BZYbT in water. Because these glasses leach much more slowly

over the next 20 h (Fig. 8(A)). In contrast, no such losses are in water, as compared with Zr-based compositions, saturation
evident in the sample immersed in the pH 10.0 buffer for a period of the static liquid film occurs much later and extensive precipi-
of 13 d (Fig. 7(C)). This would seem to indicate that the surface tation of surface crystals is rarely observed during the first 24 h of
reaction of ZBLAL exposed to NHOH is quite different and that leachinofit may involve the formation of NH, complexes on the surface. In lahn
i may invote f tio o a colexson th s. In These results clearly show the effect of solution buffering on the

Fig. 8)T. exposure of the glass to a solution of 0. IN NaOH observed dissolution rates, so that tests conducted in tap water from
)N. (pH 12.8) for 13 d produces the same type of scattering losses seen

in Fig. 8(A) in addition to the broad band centered at 2.9 Mm (-OH dri na
stretching) but does not exhibit the 6. 1-Am (HOH bending) vi- ers could easily give quite different leach rates and may even
bration seen at low pH. Total absence of the bending mode in the reverse the order of corrosion resistance between the fluoro-
presence of a pHo Trotal eabseen fter beding me in he a zirconate and the mixed barium-thorium fluoride classes.

preene o astrong hydroxyl peak. even after drying for 18 h at
96°C. leads to the conclusion that hydroxyl ions are chemically
reacted with the glass. but that there has been no penetration of V. Conclusions I
molecular water into the surface. SEM studies confirmed the ab-
sencc of the hydration/dehydration cracking commonly seen for The mechanisms controlling aqueous corrosion of heavy-metal
samples leached in water. fluoride glasses are complex and vary widely depending on the test

Finally. an experiment was conducted to determine whether environment. In stagnant unbuffered water. particularly at low ViS
pretreatment in a basic solution would produce a protective surface ratios, accumulation of corrosion products can lead to severe modi-
film. ZBLAL was soaked in a stagnant pH 10.0 buffer solution fications in the leaching process. Hydrolysis of certain fluoride
IV/S = 50 cm) for 10 d and then dried under vacuum for 2 h species (i.e.. ZrF4', -). consuming solution -OH. causes a rapid
before recording the IR spectrum (Fig. 8(C)). The sample was decrease in pH of the liquid in contact with the glass surface which.
then placed in stagnant deionized water (V/S = 50 cm) for 6 more in turn, results in increased solubility and an accelerated dissolu-
days. Samples from each solution were analyzed for cation concen- tion rate. Ultimately. saturation of the less soluble species occurs.
tration periodically over the 16-d test to keep track of the leach causing precipitation, crystallization, and the formation of an al- ,
rates as a function of time. At the end of 6 d in water the sample tered surface layer due to preferential leaching of the more soluble %
was almost entirely opaque (Fig. 8(C)). The leach rates, first in the species. These complications to the leaching process. arising from
buffer and then in water, are plotted in Fig. 9, along with the the accumulation of corrosion products in solution, can be largely
expected stagnant leach rate for bulk ZBLAL in water (from eliminated through the use of high V/S ratios (or short-term tests)
Fit, I ). It can be seen that the leach rate remains nearly constant in a well-mixed or flowing bath at constant pH.
during the 10 d at pH 10 and that there is no rate increase during Dynamic leach tests were performed on representative com-
the first 5 h in water. After 5 h there is a rapid increase with the positions from two HMF (ZrF,-based " and BaF:-ThF.-based)
leach rate reaching its expected value only after 24 h in water. Bulk glass families. Dissolution rates %%ere studied as a fuinction of'
solution pH drift also gives an indication of whether or not ZBLAL solution pH and glass composition by means of -solution cation
is leaching. Table II lists the solution pH values normally obtained analysis. The results demonstrate a dramatic chance in corrosion
for polished ZBLAL in water as compared with the values mea- rate when going from neutral to acidic solutions: a factor of 1(0' for '-,
sured for the pretreated sample in water (Fig. 9) and lends support ZBLAL and a factor of 250 for BZYbT. When these results were
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compared with results from tests performed on the same glasses in Finally, an attempt was made to improve the corrosion resistance
deionized water, it was found that solution pH drift acts as a serious of ZBLAL to water through pretreatment in the pH 10.0 buffer
liability, especially in the case of the Zr-based fluoride glasses. solution. The results show that it is possible to produce a pas-

In the absence of complicating factors such as corrosion product sivating surface layer which is effective in reducing the leach rate. ,
buildup. precipitation, and solution pH drift, the corrosion of HMF Although the benefit of this particular treatment was seen to be
glasses appears to be governed by matrix dissolution, the spread in temporary. it is expected that further studies in this area will pro-
the leach rates being dictated by the individual component solu- duce a surface with improved chemical durability without substan-
bilities at a given pH. Below pH 6.5 Ba-Th-based glasses exhibit tial losses of IR optical transparency.
a better resistance to corrosion, but above that value the Zr-based
glass is clearly superior. In all cases the best chemical durability for
a given system can be obtained near neutral pH (6 to 8).

Infrared spectral studies of polished bulk ZBLAL specimen ex- Acknowledgments: The author thanks D.C. Tran and C. T. Moynihan for
posed to solutions over the range pH 2 to 13 demonstrated distinct contributing the glasses. V. Rogers for the chemical analysis. S. Azali for assistingwith some of the leach tests, and J H. Simmons for helpful discussions. The author
differences in the reactions of the glass to acidic, neutral, and basic also thanks the Office of Naval Research for funding this project
solutions. In acid. as in deionized water, penetration into the glass
surface by molecular water was clearly evident in the form of the
typical 2.9- and 6. I-Mm absorption bands. This adsorbed HO
could be largely removed by heating the sample under vacuum. References
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Three compositions, with the major components fluoride glasses exhibit a lower leaching rate than
BaF,-UF,-YF3-MF, (MF, = FeF 3, MnF,. ZnF, ), fluorozirconates in deionised water."' Additions of Li.
were leached in deionised water and a variety of buffer Na. Al. or Pb to the zirconium-barium-lanthanum
solutions (pH 2-101 to determine the effect of compo- fluoride base composition had a much smaller effect
sition and environment. Although it was noted that on the corrosion rate"' than expected from studies of
increasing the concentration of less soluble YF 3 ira- silicate glasses.
proved the durahility somewhat, all the glasses leached Similar compositions replacing zirconium fluoride
at nearly equivalent rates. These data are compared with tetravalent uranium fluoride, while heavily
with the results of two previous studies of zirconium coloured. have shown a good glass forming tendency
based and thorium based glasses. and appear to be very interesting in their corrosion

resistance, possibly exhibiting an improved leaching
Investigations of the corrosion of fluoride glasses have rate.''"I In this study, a comparison of the corrosion
been motivated by the high potential of these rates of glasses based on uranium fluoride compo-
materials for infrared transmission applications. sitions will be presented.
Studies have been conducted on the corrosion of Following the experimental conditions described by
fluorozirconate." ' fluorohafnate,I and mixed Simmons'' we have established a corrosion mechan-
barium-thorium glasses.' ; ' These measurements ism for some glasses in the systems BaF,-UF,-YF 3
showed that fluoride glasses leach by a mechanism + MnF. ZnF 2 , or FeF 3 on the basis of the leaching
which is very different from that of silicate glasses. rate and surface analysis of the samples.

* Simmons & Simmons'4 ' developed a model for the
observed behaviour of fluorozirconate and fluoro-
hafnate glasses which showed that when these glasses Experimental procedures
are exposed to deionised water the reactions of the G e
solution with the corrosion products lead to a large Glass preparation
decrease in the pH of the solution. In a subsequent The glass compositions studied are listed in Table I.
paper. Simmons'' showed that the dissolution rate of The samples were prepared in the Laboratoire des
fluorozirconate classes increases drastically in acidic Fluorures. Le Mans. by a method preiously de-
solutions so that once the pH of the corroding scribed:' ' -

, a melt was formed from the mixture of
solution begins to drop. the corrosion rate increases the fluoride compounds in a platinium crucible at
and the increased concentration of corrosion products 800 C then cast into a brass mould heated to 280 C to

1. rapidly leads to a further drop in pH. In solutions with produce pieces of glass 10 x 10 x 2 mm. These steps
limited volumes, the steady state value of pH 2.5 is were conducted in a dry air glove box.
rapidly reached and the glass dissolution rate is

W60 extremely high. Similar studies conducted on the
mixed barium-thorium glasses' " ' showed that they
follow a somewhat similar behaviour but have a lower Table I. Composition of the glasses ' tool",,

dependence of corrosion rate on solution pH than (i,,, Ha: I ., F, tit, hF, ti: /,t.
fluorozirconates and their corrosion products tend to ...... ..Bt Nfe Zoo .4o fIr . 1 20 0 2(m..

acidify an unbuffered solution only to pH 4-8. These N 1114 4 S 'o 4
(wo effects combined explain why barium-thorium 8i ./n 104 So0 4. 0" '4
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DI

Analyses of the solutions 5.:

The leaching tests were conducted in deionised water * BUYF.

and pH buffered solutions. The glass was ground 50 M BLYAZn
carefully and the sieved powder ( + 60 -45 meshl was

collected, the formula, S = 250 mid, was used to obtain
the average surface area of the powder in terms of the 4

density, d, and the mass, m, of the glass. Experiments .
were conducted with sufficient glass to have 5 cm 2 of 4.0
surface area in 50 ml of solution (for a SiV ratio of 0,1
cm -). The experiments were performed at room
temperature (27'C) in a polymethylpentene jar rotat- 35

ing at 50 rev/min. After a predetermined soak time, the
solution was filtered with a polymethylpentene dis- i I
posable filter. The cations were analysed by plasma -30 -25 -.0 -15 -10 -05 0

emission spectroscopy and the fluoride anions by log (time in daysi

potentiometry with a F- selective electrode. The Figure 1. Alterations in the pH of the deionised water after immersion
amount of glass leached into the solution is defined by of pieces of glass 10 x 10 x 2 mm
NCi, the normalised mass loss of each element, i.

NC i V"10 -6

NC = . V (g cm - 2 1) --22 -, ByFes.%wj 2

where Ci (ppm) is the concentration of element i in the .,.Fe
leachant solutions, V (cm 3 ) is the volume of the -30- Ba
solution, S (cm 2 ) is the calculated surface area of the -34- AL

glass powder, and % W is the mass fraction of compo-
nent i in the glass. -- 

"- I I I I

Surface analysis ib? BtYAn Mn

Bulk glass samples polished with a 1 Im diamond -
paste in an oxygen free organic lubricant were used. E 26.

The experiments were conducted by soaking the ---. -"

samples in a stagnant solution at the same surface to -'
volume ratio as the powders: the samples were then J''-
rinsed with methanol and toluene and dried in a - 3- a

vacuum oven at 1003C.
The corroded surface was observed under a scan-

ning electron microscope coupled with an energy _22-c)UYAzz i
dispersive x-ray system for the identification of the 2 o:n
cations. Some semiquantitative analyses of the surface -26 -

were conducted by electron spectroscopy for chemical *.- ..--
analysis and x-ray diffraction analysis was used to - 31 -

study the crystallinity of the surface.
-31 -

-40
Results

-30 -25 20 -1 -5 i 1 5 ii

Behaviour in deionised water log I..ime in das

pH measurements. The pH of the solution was found to Figure 2. Normalised concentration ol the leachant solutions irom the
fall from 58 (original deionised water) to about 4 in gilasses
one day (Figure 1), the drift being much less severe in
the case of uranium glasses than that observed for leached into the solution at a higher rate than the
fluorozirconate compositions."" The steady state pH other elements (1-5 times to twice as fast as F. Ba, andvalue for these uranium glasses was found to be - 3.5, U); on the other hand, the yttrium concentration was
while for fluorozirconate glasses the pH drifted to low and constant, probably due to a rapid saturation
-- 2-5 with time; this decrease is attributed to the of the solution by the corrosion product containing
hydrolysis of uranium species. the Y. The same behaviour was also observed for ,

Compositions ofleachant solutions. Figure 2 shows the zirconium and thorium based glasses where the leach- *
normalised composition of the leachant solution for ing rate of lanthanum and thorium was found to be
up to one day of corrosion for Fe, Mn. and Zn glasses. about one to two orders of magnitude lower than that
We noted that in all cases these transition metals of the other elements.' L 5

2
1

.
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Thus. the question of dissolution congruence can- Tests in pH buffered solutions %
not be addressed by this test, but rather the observed Investigations were conducted to determine the im-
rates are dependent on the solubility of the hydrolysis portance of the pH of the solution on the corrosion
products of the various elements. In this respect, it is rate of the glasses over the pH range 2-10; the
clear that the transition metal fluorides are more experiments were conducted with pH buffer solutions
soluble than the others. Scanning electron microscopy under the same conditions as the deionised water tests,
data indicate the formation of a layer rich in insoluble lasting from I to 18 h.
Ba. U. and Y species. However the concentration of Figure 4 represents the normalised concentration of
elements increases continuously in the solution during cations leached out of the glasses after 18 h in the
one day so that, unlike in silicates, this layer plays no different solutions (because of its low solubility, Y is
protective role in the leaching process. not mentioned) and it may be seen that the curves

NCi increases linearly with log t. and can be present a deep valley at pH values in the range 6-8.
expressed as: NCi = A:it. In each glass, all the fitted While the BUYFe glass indicates a near congruent ,V
lines for the dissolution of the cations have about the dissolution, this is not the case for BUYA Mn or Zn
same time exponent, 2 = 040 to 0-48 for the BUYAMn glasses: in fact no Ba or U was detected at pH 6 for the
and BUYAZn glasses and 0-36 to 0-40 for the BUYFe ZnF, glass. In the acidic range (pH 2-4) the
glass. The calculations of x near 0-5 indicate that, in behaviour is similar for all glasses. The lack of congru-
this dissolution process, diffusion may play a major ency may correspond to the competition between Srole. The glass containing iron is more resistant to dissolution by acidic hydrolysis and reprecipitation as
corrosion than those containing manganese or zinc; was the case in the deionised water. Experiments at
this lower rate of corrosion may be explained by its pH 10 showed a congruent dissolution for all glasses
higher content of weakly soluble YF 3 . but, in view of the results of pH tests on fluoro-

The stoichiometry between the cation and fluoride zirconates 9  we find it surprising that the leaching
concentrations is maintained in the solution (Figure rate of these glasses is as high at pH 10 as in the acidic
3). indicating that the dissolution of the matrix is range.
controlled by the dissolution of fluoride compounds. The data obtained after 18 h in deionised water are

A and that any F- OH- ion exchange processes are added to Figure 4 at the pH corresponding to the end
ne igible in deionised water, of the corrosion time and show a slightly lower

15 a BUYFe Fe

. ~ Ba0 cation - 3 "

V I--

Pv . O • -5 ai BUYFe
I l I 9 t I • . U. ,/

00
-2 Mn ,9

(hb B U' M n Ba

10 %"....0, B " - ' I''

0 C -i

II0 * 0O -bi BLYAMn

Zn .1

1 8 eF c: BtYAZ

U 1 -5 I -5 ii 5"g irmun n anr

Figure 3. Co'me .Dll rail' o Ii p'mit lI harres and F In tnhe 'tlhitt Figure 4. ,,rmalmed (o'' melralfl,,' 4! the letha t, whmwti r ' in tihe

,hlwtns lroont the O 'ol , rapniwe pl 2 10. alter / h orrsilol it the lassc
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dissolution because the pH has changed continuously Figure 6(a) was obtained from the BUYFe glass
during the test. after corrosion in deionised water; the plate like shape

We can compare the evolution of the corrosion with of the crystals may be seen better in Figure 6(b) which
time by looking at the average leaching rate (YNCi/t) shows the surface after reaction in a buffer solution at a

obtained from the two different times, I and 18 h shown pH 4. From the fact that crystals have nearly the same 0
in Figure 5; ENCi is the total amount of leached cations size after 18 h or 22 days in deionised water, it is 1, ".
(Ba, U, M) measured by plasma emission spectroscopy. believed that, in stagnant tests, crystal growth is
After I h of reaction at low corrosion rates no Ba or U promoted by a saturation of the corrosion products
could be detected. In acidic and neutral solutions the just above the surface and a steady state condition is
leaching rate decreases with time. established. The energy dispersive x-ray spectra of all

At pH 10, the corrosion rate stays fairly constant. these corroded surfaces are grouped in Figure 7 and
All the species are soluble, either as free ions or as are compared to the surface of the original glass. The
complexes 14 such as Zn(OH)3, U(OH)5, or, more iron peak is practically nonexistent in the spectra
probably, UO2 , because the solutions become yel- obtained after corrosion in solutions of pH 2. 4. and 5
low, the characteristic colour of the uranyl cation. This and deionised water. The yttrium peak. on the con-
is a dissolution of the matrix, so the solution is trary, increases slightly in all solutions. From pH 6 to
continuously in contact with the surface of the glass 10 the composition of the surface does not signifi-
and the corrosion keeps going at the same rate. cantly change from that of the original glass.

-1 I X-ray diffraction. Spectra were obtained directly from
- I h- the surface of the bulk samples after 18 h of corrosion

-2 - "18 hin stagnant tests. The diffraction peaks are broad and
Ih-,_ " all the different glasses yield the same unidentified x-

-3 -ray spectrum. The same experiments repeated on
glasses in the ternary systems without any stabilising

% i/ agent (33BaF 2, 33UF4, 33MFn) reveal a film of
iai BUY"e BaUF 6 (high temperature structure form). as shown in
,LF cwFigure 8. and these results are in good agreement with

Sthe known stabilising effect of YF, towards devitrifi-

cation and corrosion.

.-.-.. / ~~ '  
;, .

Ibi BUYA.MI

_ .

neutra) a d b in deonised water

s 4 6 t It0 s4
pH

Figure 5. soerage leauing rate as a 1unction of pH after a n d 18 /1.rih
coerroshei fit;1

Surface analysis ble tp

Scanning electron microscopy and energy dispersive X- V
ray analysis. The surfaces of bulk samples of BUYFe 4. M. 4
glass were examined under the scanning electron A -

microscope after a stagnant corrosion test of 18 h. The 9
neutral and basic solutions (pH- 6-10) attack the h18hibufr-tonfpH.
surface only slightly, the least degraded surface being AeIt6Ilbte oall fp
obtained from solutions at pH- 7 where, after 18 h. it is Figure 6. scanninflyl elet trII miicrogsraphr of rile surtaml of thle .la's

still possible to see the polishing lines clearly. BU YFe har I Ion
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U tai

400 I

0Ba 00

G410 U

7 8-10 1000 I

400

200

4
600 (0

~~~uncorroded , GL) and corroded jbr 18 h 0 ,"
255 510 05 200 Binding energy (eVE P

W,

ibi UY~eFigure 9. Electron spectroscopy for the chemical analyvsis spectra oJ*
the surface of glass BU YFe

(a) uncorroded polished surface
(b) surface corroded for I5 min in deionised water (rotation i
(c) surface corroded for 22 days in deionised water (stagnant)

=p
i%4

much higher than expected, whereas the fluorine
1a) UFe concentration is lower and iron is not detected: the

absence of iron may be due to its removal during
S,,polishing (or to a detection interference during the

0 20 30 40 50 60 70 so measurement). After corrosion, the samples gave
26 similar spectra, as shown in Figure 9 (b) and (c),

Figure 8. X-ray spectra of glasses corroded in deionised water meaning that the composition of the corroded surface
layer formed in the first few minutes is nearly the same
as that of the crystal deposit formed at longer times.

Electron spectroscopy for chemical analysis. Figure 9 The decreasing oxygen content with time seems to
represents the spectra of the surface of samples cor- indicate that corrosion does not give hydrated com- %
roded in deionised water: sample (a) is a polished piece pounds as has been observed with ZBLA glasses.
of glass used as a reference, the surface of sample (b),
prepared with the rotating test, does not have pre-
cipitated crystals, while on sample (c) crystals have Discussion

grown due to the extended soaking time and the In deionised water, the corrosion of the glasses ap-
stagnant conditions. We observe on its spectrum the pears to be partly controlled by a diffusion process.
contamination by oxygen (0 IS) and carbon (C IS the kinetics of which depend on the solubility of the
and CF 2) from the atmosphere and the organic oil basic fluoride compounds. The fluorides of the tran-
used to polish the samples. sition metals are the more soluble species and they

The analysed composition of the surface of the leave behind an insoluble layer of BaUF,. From
sample shown in Figure 9(a) is in good agreement for previous studies on these types of glass."'" it has been
Ba and U concentrations but the yttrium has a ratio suggested that their network may be described as a

34 Physics and Chemistry of Glasses hol. 29 No. I FehruarY 1988
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near close packing of F: BaUF 6 seems to be the major -, -

complex of the matrix and accepts the insertion of Zr l s.

MFn-2 In aqueous environments, the transition i, _ ..
metals leave their network and a porous structure is , g o sO
formed through which H,O can diffuse easily allowing 0 -

further dissolution of the transition metals because the
water is always in contact with the original glass. This Ba Th gB a,

explains why 3d transition metal glasses are of low 7.-
durability.""' The same effect of layer porosity and 2
thickness was discussed by Simmons & Simmons for [a
fluorozirconate glasses. 4 ' ,

The glass containing the higher amount of YF 3  10

(BUYFe) has a lower corrosion rate and it appears
that YF 3 slightly reduces the diffusion of water into 10
the corroded surface by forming a less porous leached
layer on the glass. The composition and structure of 10
the corroded layer of these glasses is difficult to 00I s ,,, . o 001 -i0
interpret and we have observed the growth of crystals Tme ,da, I

on the surface without being able to identify them Figure 0. Comparison of leaching rates in dejonised water of fluoride

precisely. glasses hased on ZrF,.' BaF,- ThF. " 
atd LT,

Hench has described six types of surface on silica " ,,T4 aL
glasses."'6 8) In acidic and neutral solutions these_,__ _ _ _

fluoride glasses can be described as having a type IV
surface on which a selective leaching film is formed. ,.
followed by a breakdown of the matrix and dissol-
ution. The rate of reaction is slowed down as long as _-,B '%L
the pH remains in the neutral range but in basic ? '-ZB. ,Lsolutions. with a pH of 10. the glasses possess a type V - (.- i .
surface giving total and congruent dissolution.

solutions, wt N pFe-

Summary and conclusions B) T

We have examined the corrosion of glasses whose "
common constituents are UF,, BaF. and YF3 with L,...
FeF 3. MnF 2. or ZnF, added: all the compositions '
gave very good, stable glasses. We believe that the , ilz'rt\

reduction in leaching rate for the BUYFe glass results
from the higher YF, content which appears to pro- , 7 X 4 M

duce a less porous surface layer during corrosion. pH

However, the replacement of MnF, by ZnF 2 has no Figure II. Comparison of leaching rates as a function ,, solution pit V

appreciable effect on the leaching rate. for fluoride glasses hased on ZrF.' BaF ThF 4 ,' "itd tf[.
In contrast, when comparing the leaching in de-

ionised water of this family of glasses containing UF.
with that of other fluoride glasses not containing UF., rate of the BUYFe glass and compares it with that of "'
the differences between the BUYFe glass and the ZBLAL. BZYbT. and BZYbTN glasses from Figure 6
BUYAMn and BUYAZn glasses become less accen- of Reference 9. Aside from a difference in behaviour at
tuated and they appear to behave as a group with pH 4. the uranium fluoride glass closely follows the
characteristics intermediate between the ZrF. family broad minimum in the pH dependence observed in the
and the BaF,-ThF. family. thorium fluoride glasses. with a slightly higher leach-

Figure 10 shows a comparison of the durability in ing rate. It is interesting to note that the similarity
deionised water of the three families of glasses contain- between the two families of glasses extends to the
ing different tetravalent fluorides: this is a reproduc- minimum leaching rate which occurs at pH 7. By
tion of Figure 6 from Reference 7, with the leaching comparison, the zirconium fluoride glass has a mar-
rate of the UF.4 family added. Uranium based glasses kedly different pH dependence, varying over a greater
exhibit the greatest time dependence and while their range of leaching rates and having a minimum at
leaching rate is initially comparable to that of the pH 8.
fluorozirconate glasses it approaches that of thorium
glasses after a few days: this is due to the relatively .,

small drop in pH observed during the leaching of these Acknowledgements
glasses compared to the much larger drop observed The authors thank the following agencies for their
with the ZrF, glasses. support in this work: the French Foreign Olfice

Figure II shows the pH dependence of the leaching Ministry for the support ol J. Guery for one year while
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Infrared Spectroscopic Studies of the Hydrolysis Reaction During
Leaching of Heavy-Metal Fluoride Glasses

MICHEL LE TOULLEC, CATHERINE J. SIMMONS,* and JOSEPH H. SIMMONS*

Advanced Materials Research Center, University of Florida, Gainesville, Florida 32611

In this work. the Interfacial reactions of heavy-metal fluoride determined that, on the average, two OH's are exchanged per Zr
glasses with water have been investigated by Fourier transform in solution. Since the presence of hydroxyfluorides has been dccr-
infrared spectroscopy. High dilution and stirring conditions mined for dissolved species, indicating an OH /F ion exchange
were maintained to prevent any influence of pH drift and in solution, there are expectations of finding similar mixed species
reprecipitation. From comparisons of the integrated absorp- in the glass transform layer as a result of the exchange of OH - in
tion peak areas for the 0-H stretching and H-0-l1 bending solution for F- in the glass.
vibrations in the glass with those for molecular water, the lnvestifitions of the increase in surface hydration of leached

, contributions of metal hydroxyls formed in the corrosion layer samples as a function of the time and temperature of corrosion have
can be separated from the total 0-H band. The comparison been reported. 7 - These studies, comparing the relative amplitudes
between the infrared spectra for leached samples and hydrox- of the OH and HOH absorption bands in leached fluorozirconatc
ides of the glass components show the presence of Zr-OH and glasses (plotted as absorbance = log (ToIT)). found that, despite
La-Oil groups in ZrFa-based glasses after leaching and drying an increase in absorbance with time, the ratios of peak heights for
and of Th-OH groups in ThF4 glass, indicating the existence of the stretching and bending vibrations yielded a constant (i.e..
F-/OII- ion exchange between the glass surface and water. -2.9). It has bcen suggested that the OH infrared absorption might

be due exclusively to the presence of molecular water in the hy-
I. Introduction drated layer and not to the formation of metal-OH species. How-

ever, a recent study' of the application of a fluorozirconate glass as
Hf IJ_[AVY-METAL fluoride (HMF) glasses ae strong candidate ma- a fluoride-ion-selective electrode indicates the occurrence of anion
Ilterials for optical waveguides because of their excellent trans- exchange in the glass.

11' mission characteristics extending from the near-UV to the mid-IR, The aim of the present investigation is to study, by Fourier
and their promise of lower attenuation at long wavelengths. How- transform infrared (FTIR) spectroscopy. the reaction of ZrF,- and
ever. these benefits are diminished by their relatively poor chem- ThF.-based glasses, with water, and the possible formation of
ical durability, when compared to silicate glasses. it is essential to hydroxyl species in the glass surface during corrosion. It has been
gain an understanding of the mechanisms involved in the corrosion shown that these two families of fluoride glasses exhibit many
process before control, or an improvement, of the chemical du- similarities, and some differences, in their dissolution behavior. 1

rability of these new materials can be affected. The chemical The corrosion conditions, described below, were selected to pre-
corrosion process in these glasses consists of many interacting vent the formation of a precipitation layer in order to study the

., ~ rea,.ions. We present here an analysis of hydrolysis at the transform layer exclusively.
.:~ glass-water interface.

The first results of aqueous leach tests on a fluorozirconate glass'
suggested that (a) the corrosion occurs primarily by matrix dis- 11. Experimental Technique
solution, Jb) the rapid penetration of water into the glass leads to
the formation of a porous, poorly protective hydrated layer, called (1) Glass Preparation
the transform layer, (c) under static leaching conditions, a ciys- The glass samples. whose compositions and commonly used
talline outer layer develops due to a dissolution-rcprecipitation mnemonics are given in Table I, were provided by the same labo-
process, and (d) a sharp decrease in solution pH arises from an ratory and were all prepared from the fusion of oxide raw materials
F -/OH - ion exchange. Subsequent studies reported by Frischat with added ammonium bifluoride,'"' The glasses were cast in a
et al. on the reaction of ZrF4 -bascd glasses with water lend sup- brass mold and annealed. Rectangular bars were polished on all
port to these findings. More recently, several surface crystals sides to a I -Am finish using diamond paste in water. The bars were
contained in the precipitation layer were identified by scanning cut into flat plates (15 by 10 by 4 mm') with polished faces. One

*- .- electron microscopy and X-ray diffraction to be ZrF 4
3 ' and ZBLA sample was repolishcd with diamond paste in oil (water and

BaZrF,. 4 ' This indicates that at least some of the glass components oxygen free) to remove the original water-polished surfaces. The
are being dissolved directly as fluorides (i.e.. ZrF-') without any IR spectra recorded before and after repolishing were compared
prior hydrolysis step. and found to be identical. It was determined that the small OH

Recent studies by Simmons-' developed a corrosion model in- (3430 cm ') absorption seen in the initial spectrum of this glass is
volving the hydrolysis of dissolved fluorides (mainly ZrF,) to due to water impurities in the bulk and not to surface reactions
account for the rapid decrease in solution pH and the drastic m- resulting from polishing in water.
crease in leaching rate resulting from the increased solubility of the

?0P ,glass components in acidic media. The species formed in solution (2) Procedure
--appear to be ZrFOH .. Simmons described the pH drift as The corrosion tests were conducted under highly dilute and

*6 -1. resulting from successive hydrolyses of zirconium fluoride and
55

Table 1. Composition of Glass Samples
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Table I. Leaching Conditions with respect to the compolo,,itn 1/I1 71I1.A -' BZYbT).

Deionized water Temperature which has been determ ined h% roro,,i, lakinLg ,olution analy- %j..

Mnemnflic flow rate (L/h) CC) pH Figure scs. ' i
' The thorium-hascd gla, it, .iut I1111 timet. more resiotant

ZBL 9 27 5.3-5.4 3,4.5 to corrosion by liquid water than the itrruntum hascd ,crics.

ZBLA 9 27 5.3-5.4 1.2.3.5.7 This is due. primarily. to it% lower ,lmrvnen( ooluhility and the
BZYbT 2 100 5.6 6, 7 fact that the corrosion products tend to avidify the solution less than

for fluorozirconates.
(1) ZrF.-Based Glasses

well-stirred conditions in order to minimize solution pH drop and Infrared transmission curve, for the /I.A glass are plotted as
its associated increase in glass leaching rate resulting from an a function of cumulative immersion time in deioni7cd water
increased solubility of the glass components. These conditions also (Fig. I). During the time of the meaurements the pH value of the
eliminate the complication arising from the formation of crystalline leaching solution remained constant at ahbout 5 3. whereas the
surface deposits due to supersaturation at the glass-solution inter- dcionizcd input water pH was originally 5 7. indicating that glas7

face. Under high-dilution conditions, only a transform layer en- dissolution was occurring at t constant rate lhe hroad absorption
riched with water forms at the glass surface, hand, with a maximum intensity at 3431) tm '. corresponds to the

Bulk samples were suspended in a 1000-mL polymethylpentene fundamental stretching vibration of 0-H honds. and the peak at
container. Fresh, constantly stirred deionized water was supplied at 1630 cm 'corresponds to the hending vihration (if molecular water
a rate of 9 L/h for the fluorozirconates and 2 L/h for the more in the transform layer. A weak. broad hand at about 2 t(y) cm ' that
durable BZYbT glass. Solution pH was monitored for each test. appears at longer leaching times is alto present in the IR spectrum
Since solution pH drift accompanies the buildup of corrosion prod- of water. The appearance of these First two ahsorption hands% ist now
ucts in solution, and both lead to complication of the leaching well-known in the study of the corrosion of fluoride glasses. Their
process, io the flow rates were selected to minimize solution pH intensity and width, especially in the case of the OH hand. grow .

drift, guaranteeing an adequate removal of dissolved species. Fluo- with increasing time. The transmission base-line decrease with

rozirconate samples were leached for different periods of time. exposure time is due to scattering losses as a result of the increasing
resulting in total (or additive) immersion times of from Vz to 220 h; roughness of the corroded surface. A comparison of the relative
BZYbT leach tests extended to times of 30 d. The corrosion con- areas of these bands, with the spectrum of water, enables us to A.

ditions are given in Table I. The corroded glass samples were separate the contribution of molecular water front that fluc to metal a

removed from the solution at various intervals and rinsed briefly in hydroxyls in the 0-H stretching absorption hand. Previotiiiy pith
methanol followed by toluene, in order to remove adhering liquid lished measurements reported the increasing values of OH
from the surface before recording spectra. As a final test, the "absorption' with corrosion time;" however, since the sample
corroded samples were heated in a hot stage under flowing N2; surfaces appear to be well covered with crystal precipitates (se
transmission spectra were recorded in situ after a 5-min hold at Figs. 3 and 5, Rcf. 17), it is not possible to he certain that the
each temperature to ensure equilibration, measured OH absorbance is due exclusively to water contained in

(3) Meas meoW the transform layer. As mentioned previously, studies based on the
Beer-Lambert law and peak height values " ' indicate the OH/

FTIR is a very useful technique for investigating the reaction of HOH ratio as a constant. These results by Loehr et al. were con-
*'. water with glass and for studying the glass surface (e.g.. for silicate firmed when, by plotting log M 0/T) versus time for ZBLA using

systems. see Ref, 13). The IR spectroscopic study reported here peak amplitude, we obtained a constant OH/HOH ratio of
was performed on a spectrometer* with a data analyzer. Scans 3 ± 0. 1. in good agreement with their value of 2 9. However.
of the order of 15 min corresponded to an accumulation of since the stretching hand exhibits a significant broadening with
500 spectra and led to an improvement in signal-to-noise ratio of increasing intensity, the peak height alone is insufficient to yield a
a factor of 22 over a single scan. The optical measurements were measure of the concentration of absorbing species.

recorded under flowing dry N2. Absorption peaks are generally recorded by spectroscopic in-

In order to identify the different absorption phenomena, a spec- struments as transmittance or absorbance From the Bcer-l.ambert
trum of H20 was recorded using a ZnSe liquid cell. KBr pellets law, the absorbance, A, is proportional to the molar concentra-
containing 1% by weight of oxides and hydroxides of the glass tton. c, of the absorbing species, whose extinction coefficient is 4.
components were prepared, and their spectra were recorded in the
transmission cell used for the glass samples (see Table 1l). The as follows:

spectrum of a pure KBr pellet was recorded and used for back- A o = 0.43436r - 2 log I - R) I)
ground subtraction. A o= o .- o

where I,, and I,, are the incident and transmitted intensities. re-
Ill. Results spectivelv. I is the thickness of the ahsorhing laver, and R is the

The series of glasses studied exhibit an order of leaching rate, surace reflection coefficient ot the sample (approximately 3% in

-. the mid-IR for polished surfaces) Variations in the environment of J.
the vibrating species will, however, cause shifts in the normal

mode vibration frequencies and broaden the absorption spectrum

*Model 120-SXB. Nicolel Analytical Iniuirment. Madigoi. Wt This could also result from the presence of different hydroxyl

Table Il. Characterlstic Frequencies ror Hydroxides and Oxides

.r ,. u. .d Charactenotic ahtrwpofisl icm "

or AI(OH)i 3630-3200 stg. M; 1400-1250 wk, 1070-950 stg. <R80 stg. M

BMOH), 360 -tg, sp. c 34 0-20 0 sig. M, 70<1050 wk. 15m.- 14i0 wk. <1100 m, N1

La(OHh 3610 9tg, sp: 1590-3150 m, hd. 1650-1100 m. M; <900 m. M

Th(OH). 3620-2800) %tg. bd: 1650-12590 OtR, D; <130)7 stg. lid
Zn(OH)2 3500-2700 stg, hbd 2250-20(Sl wk. M I Io-i(q0 stg. D, -- '0 sig. M .t

ZrtOH)4  3630-28(X) sig. be; 1630 m (H,O). 1600-I.0 m, D. <8 00 stg, hd

ThO, 1400.t1000 wk. D. <600 stg. bd
% ZrO , <900 %tg. M

% s. " ol, m - medium . wk weak hd - onod. sp - ih lrr, D dou let M multiple 11fdfa e d als refer in stw wpvi,m pralit melthed t, till i r, t

P~ to
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Fig. 1. FTIR spectra of ZBLA glass versus total immersion time in 0" 1 2 3 4 5Sdionized waier. ,-.
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i' .' Fig. 2. Evolution with immersion time in water of the %
species (such as metal hydroxides). In this case. the concentration toga O. Eiont ith irpion ie ie ate of3 th

"total OH integrated absorption peak area at 3430 cm S
of absorbing species must be calculated from the entire absorption metal OH and water OH peak areas at 3430 cm'. and
band which coincides with the integrated amplitude of the absorb- HOH peak area at 1630 cm
ance peak. While the reflection coefficient for polished faces is
negligible, our data show an increase in scattering with degree of
corTosion. However, this cfcct is additive and can be separated thhr
from the integral by judicious choice of a base line. It should be noted that since the thickness of the transform layer

In this work we calculated and compared the integrated areas of grows with time, the proportionality constant in Eq. (4) will de-
the absorbance bands. The HOH bending vibration peak partly crease with time. However, since we cannot accurately measure
superposes the multiphonon edge. hut the additivity of the two the depth to which each reaction occurs, our analysis is based on
absorption phenomena allows an accurate measure of the inte- their relative contributions to the total absorbance, not on absolute
grated intensity of this band. For molecular water the ratio of concentrations, and the layer thickness can be neglected.

.5 the integrated areas of the 3430- to the 1620-cm -' bands is a The values for integrated areas versus time" are plotted in
constant independent of concentration. This was confirmed by Fig. 2. The percentage contribution of metal hydroxyls to the total
measuring this ratio in a series of mixtures of water and acetone. OH band has been evaluated to be 73% initially, decreasing to 63% e
respectively: 75/25. 50/50 (v/v). These exhibited the same ratio as at longer times. The rate of penetration of molecular water into
pure water (9.4 t 0.4), when measured as previously described, the transform layer follows a square-root dependence on time forThe relative contribution of water hydroxyls in the total OH ab- the first 10 h before decreasing. This may imply a simple diffu-

sorbance (3430 cm-') was calculated from the HOH (1630 cm sion control during the early stages of layer formation, while at
peak integrated area of the leach samples and the OH/HOH inte- *onger times some of the pathways may become blocked through

precipitation of dissolved species. The fact that the linearity is not 0'- grated aea ratio of molecular water; ,,.

followed at 26 h may also be explained, in ran. by the partial
"" /=.r'Vie i overlapping of the HOH peak at 1630 cm with the band at .%

R. = YAOHJ AHOH (2) 1550 cm', which diminishes the accuracy in the calculation of the
,,4 integrated area. The rate of formation of metal hydroxyls, although

where V" is the integral over the peak whose maximum is at x rapid initially, is seen to decrease after 2 h. This decrease is thought
wavenumber and A is the absorbance. (Note that the peak position to result from changes occurring in the aqueous environment
is shifted slightly for HOH in glass compared to molecular water.) within the transform layer as hydrolysis leads to an increase in F

The contribution of metal hydroxyls was deduced assuming concentration and a decrease in pH.
the total OH integrated absorbance in the corroded glass to be the Figure I shows other absorption phenomena that appear at

- sum ol the metal hydroxyl (MOH) and water hydroxyl peak inte- longer wavelengths: a peak at 1550 cm' and a shoulder on the
grated areas: multiphonon edge at about 1340 cm '. The latter has been

reported"5 and attributed to a metal-oxygen bond. However, the

P% XwiA[MOH= Em-A[total OH) clearly visible absorption band at 1550 cm ' has not been identified
previously. In order to determine the origin of these bands we
recorded, systematically, the IR transmission spectra of KBr pel-

-R, 'Y'""A[HOH] - E.-A,,glass] lets containing the different glass components as oxides and hy-
droxides (Table Ill). A comparison of the transmission spectrum ol

(3) the ZBLA glass leached for 220 h with that of Zr(OH)4 at 1550 and

where A.,lglass) is the absorbance measured in the uncorroded 1340 cm-' (Fig. 3) shows excellent agreement in peak positions.
The transmission curve of the ZBL glass corroded for 44 h under

glass . The concentration. t-. of MOH species in the transform the same conditions (Table II) confirms this result. Thus we can
layers on both faces is thus proportional to the resulting difference propose no( only that the transform layer contains hydroxyls, but
in Integrated absorbance is calculated i L-. O. also that it contains, specifically. Zr-OH bonds

Figure 4 shows the spectra ol LBIL 44 Ileached 44 h in deionized
c,,o -x - "A[MOH) (4) water) after in situ heat treatments at 60*° 80 °. I0 °0. and 150'C

•%
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Fft.3. MTR spectra of ZBLA glass leached for 220 h. ZHL glass leached Fig. 4. MTR spectra of ZBL 44 glass dried under nitrogen.
for 44 h, and ZOOK 4 in a KBr pellet.

under N2 atmosphere. It should be noted that the spectra have been (2) ThF 4-Based Glasses
shifted along the transmittance axis to improve clarity. The band Thc same measuremcnts were performed on the BZYbT glass.
at 1630 cm-', corresponding to molecular water. dccreases rapidly whose composition is given in Tahle 1. Becausc (if the hiplhcr
in intensity during drying and is no longer apparent on the spectrum durability, the lcaching tests werc conducted under a stream 't if
recorded at 150TC. The broad band at 3430 cm-' also decreases deionized water for which the nlow rate and the temperature were
and its maximum intensity is slightly shifted to higher wave- controllcd to maintain boiling watcr in the container, the pH value
numbers, to 3470 cm-'. The first value, 3430 cm- I, corresponds under these conditions remained about 5.6 (Table 11). Figurc 6
to the peak position of the overlapping water OH groups. The rapid shows the variation of the IR transmittance with leachingp time, on
decrease of these absorption hands indicates that molecular water the same scale. 'The OH and HUH absorption hands, appear at 3420)
is very poorly hydrogen bonded in the transform layer. As the OH and 1630 cm ', respectively. The ratio OH/Ht)H. determined
band decreases, in both amplitude and width, with increasing dry- by Eq. (3). is higher than in the ZrF.-bascd glassc%. indicating tbhi *

ing temperature, a shoulder at about 3620 to 3630 cm ' is re- the contribution o1 OH due to surface hydration itic.. mooleculir "'
vealed. This result has also been observed for the same heat treat- water, is smaller. The percentage of metal hydroxyls is about 'XY;~ '~

ment carried out on the ZBLA 220 glass. Figure 5 shows the of the total OH band. Two other weak bands appear at 149)0 and
alignment of the shoulder in both ZBLA 220 and ZBL 44 glass 1370 cm -'. Through a comparison with the oxides and hydlroxides-
with the peak at 3610 cmi- present in the transmission spectrum of of the glass components, these can be traced to the resence of
La(OHhi in KBr, indicating the presence of La-OH groups in the thoriumn hydroxyls. As in the case of ZrF..-based glassecs. thewe two . '.5

transform layer of the glass after drying. bands are not specifically assigned to Th(OH)4 in the glass but

w .2

ZBLA 220/100 c z sotlowradD. 2 0 1/h.

U)-

41 z*

4000 3200 2400 1600 800 4000 3200 2400 1600 B00
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Fill, S. Fr1R spectra of dnied ZBLA 220 and ZBL 414 Companson with Fit. 6. MTR spectra of P7YhT glass versus lotal mmnrcrs,'n liie in
LaOHh, in a K Br pellet. detoniaed water Companson with ThiOlHt. in K~r pellci
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involve Th-OH species. A heat treatment was performed, as pre-
viously described, in the BZYbT glass leached for 30 d in boilingwater. The transinis.sion curves show a similar decrease in intensity O
for both OH and HOH bands, while the weak bands at 1490 and - BZYbT ^ o
1370 cm are not significantly affected. - C

w i-

The study of the corrosion of ZrF,- and ThF4-based glasses by Cl ZOLA
FTIR spectroscopy shows mainly that, in both cases, formation of u uW
the hydroxide of the glass former metal occurs. Under the experi- 20 Molcular
mental conditions described above (flow of well-stirred deionized H 0
H20. PH constant), no local supersaturation, and therefore, no , - - -'-- 20

precipitation layer, can develop. Thus metal-OH groups are shown 0.1 1 10
to exist in the transform layer and to account for a large portion of TIME(d)
the OH band absorption. The leaching tests also show that the
transform layer is enriched with water, whose contribution to the Flg. 7. Evolution of OH/HOH1- absorbance ratio for ZBLA and BZYbT.
total OH absorption has been evaluated at 27% to 37% for fluo- Comparison with the molecular water ratio.
rozirconate and 10% for BZYbT.

In the case of ZBLA and ZBL. the existence of the formation of
ZrF.(OH),' ' in solution was shown as a step in the corrosion shows a large concentration of thorium hydroxyls. The drying heat
process.' The presence of Zr-OH groups in the corroded layer now treatment, under the same conditions described above, showed an
shows that the exchange of OH in solution with F- from the glass expected decrease in absorbance for both the OH and HOH bands.
also occurs. The presence of Zr-OH groups in the glass cannot be No further peak or shoulder appears, indicating clearly that the
explained by the reprecipitation of hydroxyfluoride species in the shoulder at about 3620 cm ' previously noted in ZBL and ZBLA
soaking solution, because they are constantly removed from the glasses is not correlated to the presence of barium, which is the
surface and the solution by flow. The second main component of only common cation for both glass families. No other hydroxyls
the glass is BaF 2, but the IR spectroscopic study did not show the have been specifically determined; this may be explained by the
presence of the corresponding hydroxide in the layer, Here an fact that at a pH value of 5.6 (that remained roughly constant
ion-exchange reaction may also occur; however, the high solubility during the leaching tests) the hydrolysis of the glass involves Thl:, %
of barium hydroxide in water could explain its absence from the solely,' while the other components present either do not undergo
transform layer. This is supported by the solution chemical analysis this reaction or dissolve into solution from soluble hydroxyl -.

previously reported' showing that barium is rapidly depleted from species.
the surface. The water content of the BZYbT corroded surface is much lower

As far as La and Al are concerned, it is difficult to differentiate than in the case of ZrF,-based glasses under these high-dilution
between their OH absorption bands by IR spectroscopy because of conditions, as well as in static conditions'0 and under exposure to
the overlapping of their sharp peaks at 3610 cm '. The spectra of water vapor. .,
ZBL and ZBLA glasses after heat treatment both show a shoulder Figure 7 shows the evolution of the OH/HOH integrated areas

at about that wavenumber. But the highly prelerential normalized ratio versus time for ZBLA and BZYbT, and the dotted line repre-
leach rate of Al compared to La' and its depletion from the scnts the value of the ratio in molecular water. The ratio decreases ,
surface show that the shoulder in Fig. 5 is more likely to be due to slightly for ZBLA, but it remains roughly constant for BZYbT. For
La-OH groups (rather than Al-OH) in the transform layer. ZBLA, the water of hydration trapped in the transform layer has a

These results clearly contribute to confirmation of the role of the more acidic pH than the stirred soaking solution. This acidity P%
anion exchange between the F ions from the glass surface with increases, with time and increasing layer thickness, and enhances
OH from the water in the corrosion process, and are in good the local dissolution of hydroxides formed. It may also explain the
agreement with the study of Ravaine and Pcrera, and recent work slight drop in the OH/HOH absorbance ratio. Furthermore, as the
by Brow and Pantano,"' who investigated, by XPS and semiquarti- dissolved IF -I increases, Zr-F dissociation is inhibited. For the
tative analysis. the formation of zirconium (hydr)oxyfluoride spe- BZYbT glass, measurements show a lower percentage of molecu-
cies (ZrF,(OH).-,) through hydrolysis reactions at the surface of lar water in the transform layer and show that the leaching process --

a ZrF-basd glass, leads to a less severe pH drift. Since the OH/HOH integrated ., 1

.,. Figure 4 shows the decrease in the absorption in ZBL 44 as a absorbance ratio remains constant with increased leaching time. it
function of the drying heat treatment. The OH band intensity can x concluded that the growth rate of the layer consists of equal
decreases drastically as does the HUH band which is no longer rates of water penetration and metal hydroxyl tormation.
iapparent after drying at 150°C. The 1550-cm ' band decreases The relative extent of the hydrolysis reaction for both ZBLA and
slightly and the 1340-cm-' band is not significantly modified at the BZYbT can be compared for the same degree o1 hydration. deter-
temperatures reached by using the hot stage. The same treatment mined by the HOH peak integrated area. ZBLA leached 0.5 h and
performed on a Zr(OH)4-KBr pellet gave the identical result, con- BZYbT 30 exhibit roughly the same L4(HOHI value. We have riN
firming the correlation between both 1550- and 1340-cm' bands estimated that the term X.AIMOHI is about 4 times greater in the
with ZOOH)14 . No further absorption phenomenon appears, and none case of BZYbT, indicating that it has fixed 4 times more hydroxyl
increases in intensity. This is probably due to the fact that the groups per unit volume.
maximum temperature reached by the hot stage (less than 2000C) Figure 4 shows that in the case of the OH absorption band.
was not sufficient to lead to the reaction because of the overlapping of the HOH band at O3 cm ' with

the 1550 cm-' band, the term ,4(HOHI (Eq. (31) cannot be

Zr -OH + HO- Zr - Zr-O- Zr + HO accurately estimated and therefore the respective contributions of
metal and water hydroxyls during the first steps of the dryin

S/ I \ / " / I (5) treatment cannot be calculated. However, the fact that the trans-

In the case of BZYbT, previous corrosion studies have shown mission curve recorded at 150°C no longer exhibits the HOH hand
* that the leach rate order is Zn - Bu > Yb - : 1 Th, the concen- indicates that the OH absorption is due cntirely to metal hydroxyls %

tratmn o1 the last element being close to detection limits in the at that Point in the treatment The decrease in the total integrated ,
analysis of the soaking solution."' so that the surface is particularly area of the OH stretching band is about 80% of that recorded lot 6

rich n Th. rhis result is consistent with the fact that our study the room-temperature ZBL 44 leached sample. This indicates a 0

,"'V "W'~ ," * " b "' - *. ~~' ".• " " " 
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large reduction in the metal-OH concentration in the transform proposed to be
layer in addition to the loss of molecular water due to evaporation. ~,
In the case of ZOLA 220. the same analysis and calculations I/I/'
evaluated the total OH band in the dried sample at 28% of the total M -F(gl) + H20 -. M -O(gl) + H
OQ for ZBLA 220 before drying. Since our room-temperature meas- / I /I
urements determined IMOHI to be 63% of the total area, it is I st ,,? 9apparent that the initial (MON] has decreased by a factor of 2.25. -M F (o)+110 ~ - - I 9

The sam calculations indicate a decrease of a factor of 4.5 for
[MON] in the case BZYbT 30. If we assume that the dehydra-
tion process involving reaction (5) does not occur in our experi- or ri

mental temperature range, the decrease of the metal hydroxyl
concentration can be explained by ( 1) the dissolution of thc M FIl +/ 0 M - Hgl F 1,
hydroxyfluoride species or (2) the reversibility of the hydrolysisM -Fg)+H 0. M -H I)+ F
reaction. The first reaction may occur as a result of a decreasing/I/I
pH with decreasing water concentration in the layer. The reaction
can be followed by a reprecipitation due to saturation of the M -F(gl) (10)
fluoride species formed:/ \

MF;.,(gl) + H20 - MF4,..(OH)"(gl) X

+ [y(H*,F1 + (1 - y)H2O](sol) (6) Acknowledgments: The authors thank D. . Chen. G. LaTorre. and Dr G

0.c ltW u Rn sugesions and diwcussion. and the Laboratoire de Chimie Mindrale
D. enns (rane).forproviding the glasses.%

Midpreclp) + xF + YH20 ~
CM4*+ ( + xF- yl120]SOO (7) References[M' (4+ xF + HO(so) ~'CJ.. Simmonsm. H4. Sutter. 1. H. Simmons, and 1) C, Trim. "Aqueaou% C',rraiiin

Studies of a Fiuomzaircoinate Glss.'" Maier. Res. null., 17. 1203- 10l (191t21
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A study of the mechanisms of the fluorozirconate

glass/water interface reactions and the effects of

experimental variables, such as S/V ratio, static or flow,

stirring speed and temperature, on glass leaching behavior

*has been conducted. In this study, fluorozirconate glasses

were exposed to various corrosion conditions for several

periods of time. Then the leachate and glass surface were

analyzed by various solution and surface analytical

techniques, such as ICP-AE, FTIR and SEM-EDS, to understand

the leaching mechanisms.

Solubility of the glass components, especially that of

ZrF 4 , is the dominant factor controlling the chemical

durability of fluorozirconate glasses in aqueous

environments. It was found that, in the leaching process,

the glass begins to dissolve as soon as it comes into
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contact with the solution. The degree of the dissolution

depends upon the solution pH. A sharp pH excursion toward

the acidic range will occur, especially in static

conditions, due to the ion-exchange process of F- and OH-

and the hydrolysis of the dissolved species in the

solution, particularly ZrF 4 . Both a thick precipitation

layer and a transform layer can form with increasing

corrosion time. The porous precipitation layer plays a

minor role as a diffusion barrier for the dissolved species,

while a thick transform layer can interfere with the
'.

leaching process and cause reprecipitation inside the layer.

In dynamic flow conditions, no thick precipitation

layer was observed to form. Some precipitate crystals could

be found if the stirring speed was not high enough to

disperse the accumulation of the corrosion products in the

solution film adjacent to glass surface. A gel-like layer

enriched in Zr, La and their metal-hydroxyl groups was found

on the glass surface due to the ion-exchange processes and .

4high extraction rates of the soluble species. Colloidal .

precipitates, with a composition of higher Ba/Zr ratio than

the bulk glass, can form within the transform layer. High

temperature flow tests were also performed.

Based on the solubility gradient thought to exist in

the solution within the transform layer, and in the bulk .

solution, and electrokinetic effects, a corrosion model is

proposed.
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CHAPTER I

.- INTRODUCTION

£nfrared-transmitting glasses are of interest as

materials for a broad range of components, such as laser

windows, IR domes, laser hosts, lenses, filters and mid-IR

optical fibers. in particular, there are many promising

applications in both the industrial and military sectors for

mid-IR fiber optics, including ultralong repeaterless

underwater links, nuclear radiation resistant links, high-

capacity wavelength multiplexed fiber optics system, remote
IR focal plane arrays, IR laser devices, IR power delivery,

long-length fiber optics sensor systems, and nonlinear

optical elements. The attainment of these goals places

stringent requirements on the optical properties of v

candidate materials: i.e. intrinsic absorption coefficients

of the order of a= 0.01 dB/Km are needed for some applica-

tions. Heavy metal fluoride glasses(HMFG) appear to be

among the promising candidate materials and have drawn a lot

of attention due to their excellent transparency. The

minimum intrinsic loss in high quality fibers is determined

by the intersection of two curves, see Fig.l.1, 1

corresponding to the residual vibrational (or multiphonon)

absorption from the low frequency side and to the Rayleigh
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scattering loss from the high frequency side.

The ZrF 4-based family of fluoride glass compositions,

at present, promises the best opportunity for applications s

both in optical fibers and bulk optical elements. The

typical glass transition temperatures of ZrF4-basei glasses

are between 3000-34 0 0C, much lower than those of oxide

glasses, and consequently the frozen-in density fluctuations S

in fluoride glasses are lower than those in -dide glasses.-

Therefore, the intrinsic Rayleigh scattering for fluoride

-* glasses will be lower than silicates, despite a larger

absolute scattering cross-section which is shown in the

following equations:

iRayleigh= (cfl) [W

PT-Ps= af 2Tf/aocpf

where f--wavelength; c=scattering cross-section; PT=isother-

* ~mal compressibility; Ps=adiabatic compressibility; s=high

frequency adiabatic compressibility; Tf=fictive temperature;

Psr=relaxational adiabatic compressibility; af=expansion

coefficient at Tf; cpf=specific heat at Tf; ao=density.

For silicate glass fibers a loss minimum of about 0.2

dB/Km has been achieved. Since the Rayleigh scattering

losses, which result from local imhomogeneities whose size

is comparable to the wavelength of light, show a f-4

wavelength dependence, lower losses than obtained for

.5
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silicate glasses are possible when using materials which

transmit light further into the infrared region, i.e. longer

wavelengths of light. Fluoride compounds have been known to

have better infrared transparency than oxides owing to the

replacement of the light oxygen by thc cavier fluorine

atom. The glasses of interest contain heavy metal cations

and thus show a greater IR transmission window. For

instance, the fluorozirconates and flucrchafnates exhibit

high transparancy from the ultraviolet to the mid-infrared

(transmission between approximately 0.2 and 7 micrometer(JIm)

is achievable with certain compositions), while fused silica V

stops slightly above 3wnm, see Fig.1.2. 3 HMFG glasses,

therefore, offer the opportunity of a lower Rayleigh

scattering loss by transmission at longer wavelengths, and

consequently, the opportunity for much longer optical links.

Fluoride glasses, however, have two major intrinsic
Sr

problems: The first problem is their high susceptibility to

chemical attack. Because of the hygroscopic nature of

fluoride components, they have much poorer chemical

durability than silicate glasses in aqeous environments.

This appears to be a severe limiting factor to their

practical applications. The second problem is glass phase

stability. Although fluoride glasses have the advantage of

much lower liquidus temperatures, which rarely reach above

900 0 -11000 C, their relatively low viscosity at the liquidus

makes them very susceptible to crystallization. The low
".
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temperature crystallization limit(Tx) of fluoride glasses is ,.
No

between 390 0-4500C, yielding a broad range of temperatures

(including the fiber-drawing temperature range) where

crystallization is favored. A very steep viscosity increase

in Cooling below T. yields a rapid apprecn. t rhe glass

transition temperature,Tg. The relative proximity of Tg an-

Tx in these glasses and the strong variation of viscosity

with temperature result in dvitr-fication during slow

cooling from the melt, and thus limit the size of castings.

There are additional extrinsic loss problems: The first

consists of impurities from melt contamination or from batch 5' S

,. .5'

raw materials, which can cause extrinsic losses at shorter

IR wavelengths( 2-10m) either due to bulk or surface

absorption, see Fig.l.3. 4 Among them OH absorption is

possibly the most important, since the absorption coefficie-

nts are very high and the peak wavelength is at 2.87hm close

to the minimum intrinsic loss region. 3d transition metal

impurities are another source of extrinsic absorption. In

particular, Fe+ 2 , Co+ 2 , Ni 2 and Cu+ 2 introduce losses at

2.55Am. Fe is probably of most concern among them, since

is normally present at higher concentrations. Fortunately ,

by melting the glasses under oxidizing conditions, the Fe . I
+35impurities are shifted toward the Fe +3 state which doe- not -,.

absorb at 2.55;nm. Rare earth metal impurities can also ' .'

cause absorption, in particular Pr, Nd, Sm, Eu, Tb and Dy . './

absorb near 2.554m. Of these Nd is the worst offender,

.%

S35,
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since it has an absorption at 2.51m and is often found as a

contaminant of LaF 3 which is a component of the glass. All

rare earth ions apart from Eu exist only in the tripositive

form and so redox control cannot be used to shift their 7N.

absorptions tc ifrferent wavelengths.

The principal source of the residual bulk absorption in

the IR transmitting materials is believed to be largely

associated with substitutional molecular impurities. Other

sources such as macroscopic inclusions can also exist. In

addition, oxide ions and the oxygen in -OH will be bonded to

the cations in the glass and these metal oxyfluoride species .

can contribute to excess absorption at =7wm.

In addition, imperfections, such as inclusions, I

microcrystals and bubbles in the glass can also cause

extrinsic scattering loss. Mie scattering is caused by S

imperfections whose size is of the order of the wavelength

of the exciting light and is generally in the forward

direction. Wavelengtb independent scattering is caused by I.

large defects and is in both forward and backward directions

at low angles.

Finally, there are severe problems associated with fiber

drawing. This results from the the relative proximity of Tg

and Tx in these glasses and the steep viscosity drop above

Tg. For drawing optical fibers above Tg, rapid quench rates

are needed to prevent phase separation or crystallization 4

problems. Only preforms are used, because if melt drawing

I
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were attempted, the likelihood of crystals forming in the

Mcrucible is very high. Detailed viscosity measurements are

required before the parameters involved in the draw process

can be determined.

In this thesis, we will study the intrinsic problem of

chemical durability of fluoride glasses, with an attempt to

understand the corrosion mechanisms in aqueous environments.

The corrosion problem is central to both fiber waveguidc.

and bulk optical components. The ZrF 4-based fluoride
glasses were chosen for the study because of their current

technological value due to their better stability, lesser

toxicity and lower cost to fabricate. The goal of this

thesis is, therefore, to elucidate the major mechanisms

which control the reaction between water and ZrF 4 -based

glasses by studying the glass-water interface under a

S.. variety of exposure conditions. Together with solution

-. - analysis studies of the corrosion of these glasses, this

investigation will attempt to model the leaching process.

Only after the mechanisms are fully understood, will it be

possible to assess the behavior of these glasses under use

(. conditions.

Owing to the highly ionic bonding in fluoride glasses,

their structure cannot be explained by the Zachariassen

theory which gives criteria for the formation of vitreous

structures with highly directed three dimensional bond

arrays,i.e. covalently-bonded network glasses. For ionic

'.." ,', ,' t'', ".'..". t 22 2 /£ 0'. 
€ ,

"€ ''. € o ." t .' I ' '' -- ... 5.'.
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glasses, the bonding forces are primarily Coulombic; and the

mobility of highly charged cations in the structure is low.

The cation can possess several different coordination
,

numbers. In fluorozirconate glasses, the Zr+ 4 ion exhibits

a medium field strength (i.e. charge/ionic radius ratio),

but it can appear in various sites with coordination numbers

of 7, 8 and 9, and acts as a glass former. Thus these

glasses are made up of units of ZrF 7 , ZrF 8 and ZrF 9 linked

by corner, edge and even face sharing bridges.5 BaF 2

stabilizes the glass structure by contributing its fluoride

ions to Zr+ 4 ions while the large Ba+ 2 ions are randomlv

distributed in the glass to maintain the electrical .

neutrality. Ba+ 2 acts as a network modifier.

Trivalent cation fluorides are added to the basic

fluoride glass system as network stablizers. They can

incorporate into the vitreous network and enhance the

stability of local sites.6  Rare earth elements act

similarly to Zr and can have various coordination numbers

and a large variety of values for the angles and distances

of their fluorine bridges.7 Consequently, LaF 3 is usually

added to glass to create additional sites in the network and V

lower the strain energy of the network thus stablizing the

glass. ..

Although AlF 3 has usually an octahedral coordination in

glass, it is often added as another stablizer by Zr
+ 4 /AI+ 3

substitutions. This can be achieved by lucalization of 4

V

" :V
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Al + 3 ions in free sites of the anionic packing structure to

compensate for removing 3 Zr+4  ions. This results in an

increased average cationic concentration (which is measured

by the number of moles per unit volume), while the anionic

concentration also undergoes a small but significant

increase, which suggests that greater compactness and

S. therefore greater thermodynamic stability can be obtained

through this substitution. Because of this high i-onic
bonding characteristic of the HMFG structures, their -,

chemical reactivity and leaching behavior is different from

that of silicates which have SiO4 tetrahedra bonded by

strong directional 0-2 bridges.

" U'.A 
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IU CHAPTER II
BACKGROUND

In this thesis, the term "leaching" is defined as the

release of glass component fluorides or elements through

glass-aqueous solution reactions without regard to

mechanisms of release. Likewise, the term "corrosion" is

also associated with the deterioration of glass surfaces due

to the reactions that occur when water interacts with

glass. Therefore, both of these terms are used

synonymously.

The terms such as selective leaching and congruent

dissolution are used in discussing the glass leaching

mechanisms. Selective leaching pertains to the partial

• . removal of glass species. 8  It may includes ion exchange of

I" the mobile species in the glass and selective dissolution of

-the glass matrix, structural or network species, with or

without precipitation. Ion exchange involves a process in

which exchange between mobile species such as fluoride

ions(F-) from the glass and hydroxyl ions (OH-) from the

solution occurs. During this process the remaining

constituents of the glass are not altered.

b %Congruent dissolution occurs when the species comprising

the glass are dissolving into solution in the same ratios as

12
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a

the stoichiometry of the glass and the composition in the

glass surface is not changed. However, large dimensional

changes often accompany such kinds of corrosion processes.

These processes may or may not be followed by precipitation

o:f, dissolved species, depending on the composition of glass

and solution. If there were no precipitation occuring, when

solution saturation of species "i" is reached, the driving

force for that species to leave the glass surface would no

longer exist; consequently, species "i" will accumulate at

the glass solution interface as the matrix dissolves,

leaving species "i" behind in the glass. The extent of

apparent noncongruent dissolution of the glass is thereby

increased. The sequence of events that occurs is

predictable, based on the solubility limits of each species

at the given solution PH value.
9

2.1. General Leaching Processes of Silicate Glasses
, .

To understand the aqueous leaching mechanisms of .' ,

fluoride glasses, it is best to review the well established

framework of processes for the analysis of silicate glass ".

corrosion. 10 -1 2 Briefly described, silicate glasses leach .

by the competing mechanisms of alkali ion exchange processes

and silica matrix dissolution, see Fig.2.1.1 3 In general, 4

positively charged ions in water( protons or hydronium ions)

diffuse into the glass and ion exchange with alkali ions

which causes the formation of a dealkalized layer at the

JW..
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glass surface. Usually, as the thickness of the dealkalized

layer grows the interdiffusion and ion exchange processes

slow down sufficiently that the corrosion process becomes

dependent upon the rate of matrix dissolution at the outer

edge of the dealkalized layer. The behavior of the

dealkalized layer and its effectiveness in protecting the

glass matrix from further dealkalization and from matrix

dissolution are dependent upon alkali diffusion through the
U'!

layer, layer porosity, layer thickness, precipitation or

species adsorption and the pH of the solution before and

during corrosion. Under stagnant conditions, corrosion

products can accumulate near the solution/glass interface

and the rapid dealkalization process raises the solution pH

to basic values, whose limit is determined either by the

other glass component reactions, such as dissociation of

boric, phosphoric and silicic acids, or by buffers in the

- soaking solution. Since the solubility of silica is greatly

increased in basic solutions, the increase in solution pH

accelerates the matrix dissolution rate. In stirred or

flowing conditions, less solution PH drift occurs and the

concentration of silica from durable silicate glasses

generally increases, first with a (time)2 law due to the

rate controlling interdiffusion of alkali metal ions and H+

or H3
0 + ions, and then as (time)1 due to matrix dissolution

through a steady state dealkalized layer. If the

concentration of major glass components in solution

U -e .4r, Der_JR A . . ~ ~ ,.r~U
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approaches saturation, the leach rate will be drastically

'a lowered, however, complexes are usually formed by these

corrosion products which precipitate in the form of crystals

or colloids. At this point, the dissolution rate is reduced

to tne rate of precipitation of Lhese ccmzo~nents 'I .r c.i t

saturated solution. Multivalent ions are strongly adsorbed .

*N on the glass surface. They can either adsorb in the

dealkalized layer or form precipiLates la it wh " , c... th

slow down the interdiffusion necessary for dealkalization to

occur, and reduce the rate of attack of the silica network.

2.2. Solution pH Effect

The major difference between the behavior of

fluorozirconate and silicate glasses lies in the measureren0

of solution pH during the leaching process. Silicate

glasses containing alkali oxides exhibit a solution pH drift %

to basic values generally above 10. This results from F

dominating ion-exchange process between alkali ions in the

:e'- glass with protons or hydronium ions in solution.

Fluorozirconate glasses by contrast exhibit a solution pH

excursion to acidic values, which was first pointed out by

Simmons et al. 14 and confirmed by many subsequent studies.

15-17 Solution pH drift behavior was measured by Simmons

and Simmons 18 . for several compositions of fluoride glasses. -

All showed a marked decreased in pH within the first few

hours. By soaking an excess of fine ZBLAL glass powder in

.. . ... ....... . -)s ..
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deionized (D.I.) water at a pH of 5.6, a final solution pH=

2.46 was measured. . ,

This pH drop could be accounted for either by an ion

exchange of OH- in the solution for F- in the glass 14 or by

the hydrolysis process of corrosion products which occured

by OH-/F- exchange of dissolved species in solution
18.

Ravaine et al.1 9 have studied the ion exchange process V

between fluoride glasses and buffered basic solutions by

measuring the OH- interference effect on the potential

response of a fluoride qlass membrane, used as a fluoride

ion selective electrode. The authors suggested that the ion V

exchange reaction could be an important factor in the

corrosion of fluoride glasses. .

A study of the pH drift effect for the crystalline -.

fluoride component of the investigated glasses was conducted "'

by Simmons et al..18 It showed that the hydrolysis reaction

occurs in solution and that ZrF 4 was almost exclusively

responsible for the large pH drop in the solution. The .-

solution species formed was suggested to be

[ZrFx(OH)y]+4-x-Y[H 20]n. It was also proposed that the

stable [ZrFx ]+4 -x species which exist in solution depend

upon the fluoride ion concentration in the soluton.(i.e. for

[F-] 0.01ppm the dominant species are [ZrF 2 
]+ 2 , (ZrF 3

]+ and

[ZrF 4 ]. In the range l[F-]510 ppm, only [ZrF 4 ] and [ZrF 3 ]
+  

06

dominate.)

The effect of pH on the leaching process of fluoride
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glasses was studied systematically by Simmons et al..
2 0 ,2 1 "

For three fluoride glass families, i.e.ZrF 4-based, ThF4 -

BaF 2-based and UF4-based glasses. They were studied by

soaking solution analysis, and all exhibited similar

behavior with a minimn leach rate near neutral p .. The -H

dependence of the leaching rate of different glass

components was thought to be related to the difference in

solubility of the fluoride components over the range of

different solution pH values studied.

Houser et al. 2 2 ,2 3 reported a composition depth profile

study conducted by SIMS spectroscopy which showed the
0l

hydration layer formed on ZBLA glass surfaces, corroded at

different solution pH for 10 min.. The study concluded that

at high pH,i.e. pHlO, almost no corrosion occured, while at

low pH, i.e. pH2, surface films several micron thick formed

N. due to much higher corrosion rates in acidic environments.

2.3. Glass Composition Effect

Mcst of the detailed investigations on this aspect was

done by Simmons et al..13,14,20,21,24. Through soaking

.5 solution analysis, they measured the leached elements and

fluoride ion concentrations in solution as a function of

both time and solution pH values on ZrF 4 -based, ThF4 -BaF2 -

based and UF4 -based glass families.

For fluorozirconate glasses, despite the difference in

solubility of the components and their different roles in

"®
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the glass structure, the measurements of normalized leach

rate versus time showed that within a factor of 10 most of

the ions leach out at a nearly congruent rate especially 4

during the earlier stage of corrosion. La is an exception

most likely due to the extr.rnely low solubility of LaF 3 , see

Fig.2.2. 18 . The measurements of normalized leach rates

versus solution pH showed, for all glass families, a minimum

near neutral. in the acidic range, leach rates are sev era

order of magnitude higher than at neutral pH and there is a

small increase in basic media (i.e. pH10), see Fig.2.3. 21

Moreover, between pH4-pH7. the differences in leach rate -

between the components are more prominent than those in more

acidic and more basic cases where all solubilities are

higher and the glasses leach more congruently,2 1  Within

each family of glasses, the average leach rates measured

were very close 2 4 regardless of variations in composition.

This is very different from silicate glasses whose leach

rate is changed drastically by adding only very small amount

of modifier oxides or by using different modifier oxides.

For fluorozirconates glasses, the order of leach rate with

respect to composition is ZBLALPb>ZBLAN>ZBLAL>ZBL>ZBLA I

where the compositions (in mol %) of these glasses are: ZBL-

62.0 ZrF 4 , 33.0 BaF 2 , 5.0 LaF 3 ; ZBLAL-57.5 ZrF 4 , 34.5 BaF 2 ,

4.0 LaF 3 , 4.0 AlF3; ZBLAL-51.8 ZrF 4 , 20.0 BaF 2 , 5.3 LaF 3 ,

3.3 AlF 3 , 19.6 LiF; ZBLAN-54.0 ZrF 4 , 15.0 BaF 2 , 6.0 LaF 3 ,

4.0 AlF 3 , 21.0 NaF; ZBLALPb-50.4 ZrF 4 , 15.5 BaF 2 , 4.9 .aF3 ,

r " . . -. .- ' .---..--.. 4- eS4%,
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0

3.1 AlF 3 , 20.2 LiF, 4.9 PbF2 . This has also been confirmed

by Loehr et al..17 Generally, the glass containing alkali

elements, e.g. LiF, NaF, or highly soluble fluorides, e.g.

PbF 2 , is less durable and will exhibit a higher leach rate.

?IHwever, there is a marked difference in leach rate

between different glass families.1 3 ,25 For instance, ThF4-

BaF2 -based glasses have leach rates nearly two orders of

magnitude lower than fluorozirconate glasses in D.I. water.

This is partially due to the lower solubility of ThF4 than

ZrFA-. Moreover, the pH drift of these ThF4 -BaF2 glasses in

unbuffered deionized water was less severe than those

observed in the ZrF 4 glass family, reaching an equilibrium

value of pH 4.8 instead of pH 2.46. This difference in the

solution pH drift behavior is due to the extensive .

hydrclysis of ZrF 4 species in solution for Zr-containing

glasses, while no such pronounced effect was seen in ThF4 -

BaF 2 glasses where the hydrolysis of thorium fluoride

species was observed to be very limited. This particularly

interesting solution pH dependence for leaching behavior of

fluoride glasses suggests that, if there is no buffering .%

acrent in the glass and/or in solution to balance this self-

induced pH drift effect, the acidic pH environment produced

by the glass dissolution process and by the associated

hydrolysis process will cause a severe increase in the

corrosion rate.
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2.4. Glass Surface Area to Solution Volume Ratio (S/V)

The fraction of various constituents released by a

glass under corrosion conditions is proportional to the

surface area exposed to the solution. The ratio of the ..

exposed surf ace area of glass co Lhe volume of aqueous

corrosion solution is an experimental parameter that affects .

the corrosion kinetics drastically and can change the

leaching mechanisms entirely. Systematic studies in V

silicate glasses by Ethridge et al. 2 6 demonstrated this

effect, and subsequent corrosion studies have considered the -

S/V ratio as a primary parameter in determining leaching

conditions. The S/V parameter is especially important for

closed systems under either static or stirring conditions.

The S/V ratio determines the extraction rates of glass

components into the solution environment, which in turn

control the time it takes to reach saturation of glass

component in solution and the extent of solution pH drift. A.

All these effects will change the dissolution rates of glass

components and will influence the reprecipitation processes

occurring in the system. In the case of silicate glass "" -

leaching, as we described earlier, an initial stage of ion

exchange between H+ or H30
+ in solution with alkali ions in

the glass causes the solution pH to drift into the basic ..

range. If the solution pH reaches above 9 or 10, the
",

controlling leaching process becomes the dissolution of the

major glass matrix compoment, (i.e. SiO 2 ), and the corrosion

~~~~ -. A* A* %L*
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kinetics switch from the process of diffusion controlled

selective leaching to the network dissolution rate

controlled process. Since alkali salts are highly soluble

in water, the leach rate of alkali ions does not '

vazy appreciably with the ratio of the surface area cf the

glass to volume of the solution. Under high S/V ratio

conditions, the rapid accumulation of corrosion products

results in a rapid transition from an initial selective

4 leaching process to a matrix dissolution process. On the

other hand, for corrosion conducted in a larger volume of

solution compared to the exposed surface, the transition

from ion exchange to matrix dissolution will occur much

later.

2.5. Static, Stirred or dynamic condition

From the work done on the leaching behavior of silicate

4) glasses in an aqueous solution enviroment, we know that

according to thermodynamic considerations, the glass

components will leave the glass phase to go into solution to

try to reach the thermodynamic equilibrium of each element.

It has been shown2 7 for oxide glasses that the long term

chemical resistance of a glass is mainly determined by the

thermodynamic activity and stability of its component oxides

in aqueous solutions, whereas for tests carried out at low

temperatures, or for shorter duration times, the kinetic

~stability should be predominant. In static, closed systems,

b'%
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if the leach rate of glass components is comparatively

higher than their diffusion rate in aqueous solution, a

highly concentrated solution film forms adjacent to the

glass/solution interface. Depending on the glass system,

this couId cause a more severe solution pH drift and create

a different pH environment at the interface with a resulting '

change in leach rate. Further the saturation of the near

interface solution can cause reprecipitation tc occur. On

the other hand, in stirred closed systems, mechanical mixing

of the solution is rapid enough to allow the corrosion

products from the glass to redistribute evenly in the bulk

solution and thus, end up uniformly distributed throughout

the bulk solution. However, since the reaction products are

still in solution, saturation/reprecipitation processes can °.

still occur if the reaction time is long enough or S/V ratio

high enough to allow an accumulation of reaction products to

reach saturation. In addition, solution pH drift can occur

in this case and influence the leaching process. In the

case of an open dynamic system, which can be achieved by

flowing fresh solution through the reaction vessel and

continuously removing the attacking medium, with its

corrosion products, no saturation of leach species can

occur. In this case, it is very difficult to accumulate the

corrosion products in solution and thus the solution pH

stays nearly constant, while the saturation/ reprecipitation

process becomes difficult to achieve.
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2.6. Surface Layer Formation

Some corrosion studies 14 ,16 ,18 " have been conducted on

fluorozirconate glasses by observing the corroded glass

surface topography, which was formed under either static,

stirred or frequentliy replenished solution conditions. Te

results showed that crystals can form on the staticly

corroded glass surface. Houser et al. 2 2 ,23 " reported

secondary ion mass spectroscopy (SIMS) data on the hydration

layer thickness of fluorozirconate glasses, claiming that

for agitated (rotated) samples there is an increase in the

layer thickness when compared to the staticly corroded

sample; however, these samples were corroded for relatively

short times (1 hour). V

C. J. Simmons et al.1 4 examined the corroded sample .

surface of fluorozirconate glasses by scanning electron

microscope (SEM) and found precipitated crystal deposits of

2 kinds over the entire glass surface. Below the crystals,

the glass was heavily hydrated and cracked, for a depth of

several microns. These authors suggested these layers did

not appear to piotect the interior of the glass as commonly

seen in durable silicate glasses.

Doremus et al. 28 reported that one of the crystals

observed to have a blade shape by Simmons et al. 1 4 exhibited

the same X-ray diffraction spectra as crystalline ZrF 4 . They .

also studied the crystals formed on glass corroded at high 5

temperature in dilute H2SO4 . The X-ray diffraction spectra
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before and after dehydration heat treatments were found to

be the same, indicating that these crystals are not

hydrated. The same authors suggested that since these

crystalline deposits appear to be embedded on glass surface,

Lhey could be formed right at he gias 6i.Lrface by dff ....

through the solid or as a result of surface segregation

after the original glass surface leached of other ions.

They saw no need for hydration or dehydration of the Zr or

fluoride ions that are incorporated into the crystal. , ;

The same crystals were also identified by C. J. Simmons

et al. 1 3 as ZrF 4 . The other commonly seen surface crystal

consisted of a semi-spherical segregates composed of thin

platelets which they identified as a Ba and Zr containing

crystal. They suggested that these crystalline

deposits result from a saturation of the aqueous solution

at the glass-solution interface which is caused by the

stagnant conditions of the tests. Furthermore, this

saturation and precipitation processes can occur rapidly,

before the corrosion products have an opportunity to diffuse

into the bulk solution. This model contradicted Doremus

analysis but its conclusions were supported by the

observation that a hydration layer is present below the

crystal layer and clearly forms as a result of water-giass

reactions. This layer which can be very thick for long

corrosion times 18 serves as a substrate for the crystal

precipitates.
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2.7. Time Dependence of Corrosion Process

Houser et al.2 2 studied the composition depth profile of

corroded glasses with SIMS analysis for a ZBLA glass

corroded in S/V=10 -3 deionized water at room temperature for

S c S_ minutes. Th Zr, Ba, F, and A! prcfiies showed a

slight surface build-up followed by a depleted region. For
longer exposures, the depth profiles, particularly that of

carbon showed addition.al structure, they in'erpreted

as resulting from the formation of several corrosion layers.

Bruce et al. 17 ,29 " measured the IR transmission

spectra, by monitoring the OH stretching (2.9 4m) and HOH

bond bending(6.1 um) peak height changes, to see how these

two peaks develop with corrosion time. The time dependence

of zhe growth of the water and hydroxyl peaks appeared to

follow a t! power law for the first 10 minutes and then a t2

law for longer times. Moreover, from the constant ratio

between peak heights of these two bands they concluded that

only molecular water is present in the hydrated layer of

glass. By measuring the peak heights, these authors could

not separate, in the hydroxyl vibration, the contribution

due to molecular water from that due to metal hydroxides.

However, these two absorbing peaks broaden as well as 5

increasing their heights as they develop, as has been

pointed out by Simmons and Simmons1 8, therefore the integra-

ted intensity of whole absorption band should be considered I

instead of the peak height, and this could lead

..-
"N'

Vt m - r.. er, '' . -. , .' a" .. '. ". -,'v.'. .v "•'v .,* .'..," .. "v-""" *. r " '"-" " "<
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to very different conclusions. .

C. J. Simmons also reported solution analysis results - .

from five different fluorozirconate glasses, showing that

most of the glass components leach at a slower rates as the K
corrosion time increases, paitLicularly Ba and La. This was

observed for all the glasses tested. For ZBLA glass, Zr and

Al leach at a relatively constant rate at the beginning and

this rate aecreases as time exceeds more than one day. Ba,

La and F leach at a more rapidly decreasing rate with time.

2.8. Temperature Effect

The importance of temperature in silicate glass

corrosion is well established. The reaction temperature not

only alters the kinetics of the reaction but also dictates

the rate controlling mechanism of corrosion 3 0 . At

temperatures below 270 C selective leaching is rate

controlling, while above 800C the corrosion rate is

controlled by the total dissolution process. However, for

fluoride glasses no systematic study has been conducted.

Houser and Pantano2 2 studied the ZBLA glass surface

hydration layer development for short times, i.e. 20 minutes

at room temperature in D.I. water, by using SIMS 0, H and C

depth profiling. They found that the layer thickness

increases as the temperature increases for three different

temperatures used. Infrared transmission spectra of these

samples by these authors show the same results.

' '3 g g~. ' L g~ . g2 ¢ 2 .g . . - .. 
•

€' ," " ", "€o " " , '. •.. *



30

!I

Mitachi31 investigated the BaF 2-GdF3-ZrF 4 glass system

and measured the solution pH value as a function of

temperature. This data showed a steep pH drop between 200 to

40 C and then a decrease at a much slower rate from 400to

Pantano3 2 studied the water and oxygen adsorption on a

fractured ZBLA glass surface under ultra high vacuum

conditions and monitored theilz concentration .ith c low

energy ion scattering spectrometer (ISS). He concluded that

neither oxygen nor water is adsorbed on the clean fluoride

glass surface even at atmospheric pressure. A similar study

done by Strecker3 3 showed no adsorption of water on single

crystals of calcium fluoride until the temperature was

reduced to less than 0 C, at which point the water vapor was

physically adsorbed. Thus it seems clear that chemisorption

of water does not occur at the surface of ZBLA or CaF2 under

-* - ambient conditions. This explains why the ZBLA glass shows

essentially no attack if exposed under high humidity

enviroment even for a long time, when there is no liquid

water condensation.1 4 ,34 - 37 .

However, if the glass is exposed under high tempera-

ture, i.e. 2200-3200 C, to wet gaseous environments which are

enriched in 180, ISS spectra showed that two independent

diffusion processes occur: one is due to hydration or

hydroxylation and the other is from oxydation. Moreover, the

rate of oxidation is much less than that of the hydration

% %



reaction. Tregoat et al. 5 reported that a ThF4-BaF2-based ,

glass reacted with atmospheric water at high temperature A;

(212 -_3470c) . The main corrosion process was written as

follows: .'

F-(glass ) + H20(gas )  HF(gas) + OH-(glass )  i

They concluded that since hydroxylaticn reaction can occur

i ! rapidly and hydroxyl ions can diffuse into the glass at high

temperatures, the presence of water vapor can cause severe .

problems in glass processing operations such as fiber" -

drawing.

2.9. Corrosion Mechanism Proposed for Fluoride Glasses "

Although fluorozirconate glasses show almost no .

reaction with atmopheric water at room temperature even when

: exposed for a long time, they leach rapidly in liquid water

and the solut ion DH drifts to acidic values quickly. Thick

hydrated layers can form with crystal precipitates on the

hydrated glass surface. Data has been collected by a

combination of solution composition analysis 1 8 , IR work on

the extent of hydration,17 ,2 2 surface topography observation

by SEM, composition and morphology study of surface crystals

by X-ray diffraction and electron mnicroprobe studies

18,28,39-41- A corrosion mechanism for static leaching of

fluorozirconate glasses was proposed by Simmons and '

JV W LU tU V V ~u 4 ~~ N ~~V ~ ~i~i~' )".MJIJI ~ .M M j ?' ' .V "P ~ ~ f ~~-.w' r.w-. --
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Simmons1 8 which can be described as follows;

(1). Owing to the highly ionic structure of fluoride

glasses, the ZrF 4-based fluoride glasses corroded primarily

by matrix dissolution. Unlike silicates which go into

solution as hydroxides, the components of these glasses can
.4

go into solution as fluorides without a prior hydroxylation
p%,

step.

(2). Preliminary IR absorption work by calculatin the

integrated peak area of OH and HOH peaks of corroded glass

indicates the OH stretching peak grow slightly faster than

the HOH bending peak, suggesting that hydroxides can form on

the glass surface and the fluorozirconate glasses undero a

small amount of ion exchange but that the corrosion occurs

primarily by selective extraction of some fluoride

components, i.e. Na, Al, followed by matrix dissolution.iS
(3). LiF, NaF, AlF 3 and in some cases BaF2 dissolve at

faster rates than either ZrF 4 or LaF 3. This difference in

extraction rates, coupled with the rapid penetration of
0

water into the glass leads to the formation of a porous. J

hydrated corrosion layer at the glass surface.

(4). With time the leach rates of LiF, NaF and AlF 3

remain high, while that of BaF 2 decreases significantly as

a possible result of (i) an increase in [F] ion

concentration which can interfere with BaF 2 solubility and

(ii) the depletion of BaF 2 from the glass surface. LaF 3 is

highly insoluble in water and therefore remains in the
.4 0
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surface layer.

(5). ZrF 4 dissolves into solution as ZrF 4 . This is

supported by the fact that ZrF 4 appears in this form as a

precipitated crystals on the glass surface. Moreover, the

increase of [F-J in solution also favors the existence o±
-.

[ZrF 4 ] in solution as a stable species.

(6). A decrease in solution pH with corrosion time

results from succesive hydrolysis of the zirccni flu-ride

species in solution. By measuring the equivalent hydroxyl 4

concentration exchanged with a titration method, these

authors concluded that two hydroxyl groups are exchanged per

Zr in solution as shown below;

2[OH]- + [ZrF 4 ] - (ZrF 2 (OH)2] + 2F-

2[OH]- + [ZrF3] +  i .ZrF(OH)2]+ + 2F-

(7). Two distinct crystal types are formed on the

hydrated layer surface, i.e. blade or needle like ZrF 4

crystals and spherical assemblages of thin platelike ZrBaF 6

crystals. These crystals are ormed by precipitation due to

a saturation at the glass-solution intertace. The two

crystal types appear to form simultaneously. Under diluce

and well stirred conditions, the corrosion layer appears to ,.

be similar in character; however, no crystals are formed, %

even after leaching for 10 days.4 1

(8). The thick porous laycr plays a minor role in

.9.
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protecting the unreacted bulk glass and acts as a diffusion

barrier to reduce the leach rates. The porosity of the

layer reflects the molar volume of highly soluble species,

i.e. NaF, LiF, PbF 2 , AlF 3 etc., in the glass compositions

• .. and can be related to the comparative leach rates of
4-,

different glasses. For example, the less durable glasses

-' ~'form a thick and highly porous layer.

(9). The pH drift of the solution into an acidic range

during leaching raises the solubility of ZrF 4 , which

accelerates the glass dissolution by several order of

magnitude. The addition of any buffer to the solution can

have a profound effect on the leach rate, if it retards or

eliminates the pH drift.

%

.-.

., . .,
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einmets, thssaearnneetd in invgodeemietestriatigyh

reactions occuring at the glass/water interface under a

variety of exposure conditions, from stagnant to rapidly

flowing dynamic conditions.

$ Stagnant conditions allow us to study the effect of

corrosion products on the leaching proceses. In the extreme

of this case, it can simulate the result of water

penetrating through the coating of optical fibers,

resulting in the exposure of the glass to a very small

F amount of water. In flow conditions, the glass is exposed

to large amounts of water, flowing or stirred, which

simulates the exposure condition found by immersion in a 0

river, an ocean, or lake etc., where most of the corrosion

products can be carried away from the glass environment by

the continuous flow, thus the effect of corrosion products '

can be eliminated.

To achieve the objectives, a series of experiments have

been conducted:

1. Raw materials study

35

17"
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2. Short time leaching and solution pH effect

3. Solution precipitation study

4. Stagnant tests

5. Zeta potential measurements

6. Flow tests

7. Hydration/ dehydration tests

A combination of analytical techniques were used for

evaluating the leaching behavior of fluorozirconate glasses

and the surface layer formation. Figure 3.1 shows the
I

sampling depth for various techniques used in this study.
30

For solution analysis, inductively coupled plasma(ICP) ".

emission spectrometer was used to measure the element -

concentration in the solution, with a detection level of - 4

sub-ppm concentrations. The solubility of the various

fluoride compounds in D.I. water and in different pH buffer
I

solutions at room temperature was determined by ICP

measurement. pH electrodes were used to monitor the

solution pH drift both in bulk solution and at the glass - 4.

surface during the corrosion. Fluoride ion concentration . 4

was measured from potentiometry by using fluoride ion -,

selective electrodes. A

SEM is one of the most widely used tools for morphology

and microstructure characterization of glasses. The use of :* I.

energy dispersive X-ray spectroscopy (EDX) with the SEM

makes possible the compositional analysis of the observed

structural features. The combination of high resolution, . N
k" ~
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FTIR-TS SEM/EDX
41 XRD Solution analysis

5Pm 1.5pm 'p,

Corrosion
layer

A

Bulk glass

Figure 3.1. Sampling depths of various techniques used in

this study.

.*M.

,,a,

S" "p .U



38

near three dimensional image and compositional analysis of

the microstructural features observed makes the SEM perhaps

the most powerful general characterization tool currently

available. However, its depth of analysis is relatively ,

large, i.e. -1 W±m, and it is not capable of detecting low

atomic mass, Z (Z59), elements. The thick corrosion layers

formed on fluoride glasses during leaching are well suited

to this technique, while the study of corroded silicate

glasses must resort to more surface sensitive techniques,

such as AES, XPS and SIMS. However, it is important to -

recognize that the accuracy of electron microprobe

measurement is dependent upon the surface roughness and

severe surface roughening may occur with extensive aqueous

corrosion, thus, there are analytical uncertainties -

resulting from the surface roughness and porosity.

Nonetheless, composition profiles can be obtained by

analysis done on a polished fractured sample surface;

composition dot mapping may also be conducted. .,~~

X-ray diffraction spectroscopy in the reflection mode

is the most convenient technique for identifying the

crystalline precipitates on the glass surface. Samples are .

either collected by gently scratching off the corrosion

layer or they are measured directly. .. \*

Thermal Gravitometry Analysis (TGA) was used to analyze

the total weight loss of the corrosion layers during

dehydration. This was coupled to a Differential Thermal
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Analysis (DTA) at the same time to monitor the enthalpy

change of the system.

Particle electrophoresis was used for measuring the

surface charge of glass powders. Suspensions made up of

solurion and microscopically visible fluorozirconate glass

powders were prepared for the measurement. The movement of

a charged surface plus attatched material, i.e. dissolved or

suspended material, relaLive to the stationary liquid, under

an applied electric field was measured. The mobility

measured can be related to the surface charge (or Zeta

potential) of the measured particles.
42

Another commonly used technique in this study for

examining glass structure and compcsitin is Fourier-

transformed Infrared Transmission Spectroscopy (FTIR-TS).

By measuring the integrated area of the O-H stretching

vibration band at 2.9m and H-0-H bending vibration band at

6.i',±m, we can monitor the change of hydroxyl groups as well

as molecular water existing in the corroded fluoride glass.

r
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CHAPTER IV

EXPERIMENTAL STUDY

4.1. SamUple Cumposition

Tests of chemical durability were conducted on solid

samples of fluorozirconate glasses obtained from various

sources with the compositions shown in Table 4.1

Table 4.1 Compositions of fluorozirconate glasses (mol%)

mnemonic ZrF 4 BaF 2 LaF 3 A1F 3 LiF source

ZBLA 57 36 3 4 -- RADC*

ZBLA-F 51.16 38.62 5.66 4.56 -- Le Verre Fluore4

ZBLAL 51.8 20.0 5.3 3.3 19.6 NRL

* Rome Air Development Center, Hanscom AFB, MA (Dr. El

Bayoumi)

# Le Verre Fluore' Co., LeMans, France

" Naval Research Laboratory, Washington, DC (Dr. D. C. Tran)

These glasses were melted under a variety of conditions

varying from the use of oxide raw materials with added

ammonium bifluoride4 3 to the direct use of anhydrous

fluoride raw materials, melted under an Ar or CCl4

atmosphere.44,45

40
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4.2. Sample Preparation

4.2.1. Raw Material Study

High purity anhydrous fluoride compounds were used for .

the raw material study. Each compound was weighed precisely

and put into 100 ml D.I. water in polymethylpantene (PMP)

container to prepare a solution of 100ppm cation

concentration if the compound dissolves completely. The

solution was shaken periodically and kept for sufficient

amount of time to reach its dissolution limit (i.e.

solubility), it was then filtered with a PMP disposable

filter immediately before the measurement with an ICP. The

solution pH modification due to the hydrolysis of each raw

material was measured by potentiometry with a pH electrode.

Excess amount of each fluoride compound was also put

in different pH buffer solution after a similar preparation

as described above. The ICP was used to measure the

solubilitv of different fluoride compounds in the solution.

The standards were prepared by using different buffer

solutions as matrix solution.

The zeta potential of each fluoride raw material was ."

measured in D.I. water at different pH values adjusted with

0.01N HCI and 0.IN NaOH solutions by using a Laser Zee

(model 501) instrument. The specific conductivity (SC) of

the solution was also measured at the same time.
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! ..
4.2.2. Glass Powder Samples

The ZBLA glass powder was ground carefully with mortar -

and pestal for 15 minutes and its surface area was measured .

by BET nitrogen gas adsorption/desorption method as

8175lTcml!g. Lifferent amounts of glass powder were weighed

precisely and each was put into the same amount (i.e. 30ml)

of D.I. water to study the effect of corrosion conducted

under different glass surface tu solution volume ratios

(S/V). The solution pH modification was measured with a pH

electrode.

The same glass powder was also used for short time

leaching studies to measure the cation and tluoride ion

concentrations for an initial short period of corrosion

time. Solution analysis was conducted by ICP and a fluoride

ion selective electrode. The solution pH drift was also

measured. The solution samples were prepared by filtering

through a polystyrene (PS) disposable filter after being

shaken for predetermined periods of time.

A glass powder/D.I.water suspension was prepared for

zeta potential measurement as a function of corrosion time

using the Laser Zee instrument. The specific conductivity

which is related to ionic strength was also measured at the

same time. A separate suspension was prepared with the same

WX procedure for solution pH drift measurements with a pH

electrode.

Excess amounts of ZBLAL glass powder were added to D.I.
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water to prepare a solution saturated with corrosion

products for a solution precipitation study. After putting

fused silica slides on one side of the container carefully

without disturbing the glass powder settled at the bottom on

the other sice of the container, rhe solution was then air-

dried and the precipitated crystals on the Si0 2 slide were

observed under SEM. I1

4.2.3. Bulk Samples
I

Bulk fluoride glasses were polished down to 1 wn

diamond paste with halocarbon oil, which is oxygen and water

free, as lubricant, in order to remove the aged or corroded >

I
surface layer and obtain a reproducible surface finish

without aqueous contact. After polishing, the samples were

rinsed in methanol and then toluene for a very short time to

remove the oil. Polished samples were used for corrosion

tests conducted under various conditions which will be

described in the following section.

I

4.3. Exposure Conditions and Measurements for Bulk Samples

4.3.1. Solution Precipitation Study

Besides using powdered glasses to produce saturated

solutions for a reprecipitation study, bulk glass samples

were also used. A polished glass plate was placed

between two silicate microscope cover slides, with a very
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silicate glass slide sample 
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(a)
NV
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PS vi -- solution
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i- C3,

(b)
I

Figure 4.1. (a) Corrosion configuration for both high S/V
ratio and solution precipitation study; (b) experimental
set-up for glass corroded in stirred pH buffer solutions.
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V
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small amount of D.I. water in between to produce a high S/V _

ratio, i.e. S/V=15, corrosion environment, see Fig.4.l(a).

After 4 hours, the sample was removed and the solution on

the bottom slide was left to air-dry, causing precipitation

to occur. The precipitated crystals on the bottom glass

slide were examined under SEM/EDX and were collected for X-

ray diffraction studies also.

Another crystalline precipitate sample was collected

from the solution of a ZBLA glass corroded for five days at D

S/V=1.5. After the sample was taken out, the solution was

left to evaporate for a long period of time to have the

dissolved crystals precipitate out and suspend in the I

solution. These suspended crystal were collected for

examination.

I

4.3.2. Corrosion in Stirred pH Buffer Solutions

* -Small ZBLA glass plates were put on a pre-cleaned

teflon screen placed in buffer solutions of different pH

values in clean polystyrene vials. The S/V ratio is 0.01

and the solution was stirred at a preset speed, see Fig.4.1 S

(b). Since the leach rate at different pH values varies, in

order to obtain samples with a comparable extent of

leaching, samples were corroded for different times

depending on the pH buffer solution used. At pH2 and pH4,

the samples were corroded for 2 hours, while at pH6, 8 and 1

10, the samples were corroded for 201 hours. After

.
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P.
corrosion, the samples were rinsed in methanol and then

toluene to remove the residual liquid solution on the sample

surface. These samples were observed under SEM for surface

topography and were fractured perpendicular to the exposed

surface to see the resulting cortusion layei in cross-

section.

4.3.3. Stagnant Tests

(a). Surface pH measurements: A Ross, flat-surface,

combination pH electrode was used to measure the pH drift on%.11

the glass surface by locating it above and directly on the N

polished glass surface with a small drop of D.I. water in

between. In this test, a S/V ratio ranging between 10-20

was used depending upon the amount of water present. The pH

drift -,as directly measured on a chart recorder. The ""S
measurement was conducted for short times to avoid affecting

the results with the evaporation of the water.

In order to determine the effect of small amount of KCl

tc the leach processes, a KCl of concentration of 3M was

added to solutions saturated with individual glass

components and with combinations of glass components.

Neither precipitation nor significant solution pH drift were

observed in the tested solutions. Thus a small amount of

KCl which had diffused from the electrode during the

measurement should not affect the leaching process.

(b). Intermediate S/V stagnant tests (S/V=1-5): The

JS.
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dimension and thus the surface areas of polished bulk

samples were determined by micrometer. For S/V=l test, see

Fig.4.2, a PS 20ml vial was used as the corrosion vessel

with a thick fluoride glass plate standing upright which was

c7cmnlerelv irmersed ii Lhe D.I. water, see (a); for the case

of a thin glass plate, the sample was laid against the wall

of a narrow polystyrene tube, see (b), for different periods

of times. Corroded chin glass plates can be fractured

'Aeasily and the corrosion layer developed with time may be

observed directly with SEM. EDX compositional analysis for

different spots and X-ray line scan analysis for composition

profiles along the fractured cross sectional surface were

conducted. The corrosion layer was scratched off carefully

fcr X-ray diffraction analysis to identify the crystals

formed on the corroded surface. A TGA/DTA analysis was

also conducted on these scratched layers. FTIR transmission

spectra were acquired for short time corroded samples to

compare with those of samples corroded by solution flow.

A sample corroded at S/V=5, see Fig.4.2 (c), which will

be denoted as drop test, was prepared by putting a drop of

D.I. water, usually around 0.1 ml, onto a polished glass

plate. The glass was covered with a small vial to retard

evaporation. After corrosion, the sample was rinsed in

methanol and then toluene to remove residual water. This

experimental set-up was only used for short time corrosion

-  tests. The corroded samples were observed under SEM to study

o .4

% 2 o %"% % o '. '. %'.o.'," . ".-% %'. -. oo. , .-. ,,
- .

-.- ,,. -.-. , %-% .- o - .- . . %-. ,- -.. -'-



49 .

V

the glass surface corroded for different short time periods.

(c). High S/V ratio (i.e. 10-40) static test: Samples

corroded under this condition were exposed by using two thin

D.I. water films to corrode a polished glass plate for short

periodS of time; one thin silicatc glass slide was used on

each side of the fluoride glass to produce the water film.

After rinsing the corroded samples, they were examined with

SEMiEDX. Corrosion layers were scratched off carefully for

X-ray diffraction analysis.

4.3.4. Zeta Potential Measurement

To achieve a better understanding of the corrosion

process and corrosion layer formation, a series of zeta

potential measurements were conducted on ZBLA glass powders.

Scratched corrosion layers and individual fluoride compounds

were also measured using a Laser Zee (model 501) instrument.

Microparticle electrophoresis was used for the measurements, %

and very dilute suspensions were used. This measurement was o

combined with SEM examination of both the fractured cross- -7

section and surface topography of corroded glasses.

The glass powder used in this measurement was prepared

by grinding in mortar with pestal for 10 minutes. The

surface area was measured by BET, N2 gas adsorption /

desorption, method to be 8175 cm 2 /g. To measure the zeta

potential of the glass powder as a function of time, a small

amount of glass powder was used for corrosion. For low S/V,
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0.0125g powder was added to 40 ml D.I. water. Measurements

were made after shaking the solution for 3 minutes to

prepare a homogeneous suspension. The sample was syringed

into the rectangular liquid cell which has two built-in

electrodes. The cell was then mounted onto the oprica-i

microscope. Under the preset d.c. voltage the glass

particles with a certain surface charge can move under the

applied electric field. By meazuring the charged particle

mobility at stationary level, the zeta potential of the

glass particles can be obtained; solution specific

conductivity which is related to its ionic strength was also

measured at the same time. The same suspension was used

throughout the zeta potential measurement; while another

suspension, which was prepared the same way, was used to

monitor the solution pH drift.

&To correlate the zeta potential measurement with the

*.corrosion layer formation, which can be observed by SEM,

four thin small ZBLA glass plates with a comparatively

negligible total surface area of 1.5 cm2 were added with

0.03g glass powder into 40ml D.I. water, and the suspension

was slowly rotated, i.e. 15 rpm, to promote a more uniform

leaching environment. Zeta potential and solution specific

'N conductivity were measured. The thin glass plates were

taken out of the PMP corrosion vessel successively at proper

intervals, and then these samples were fractured and

'p. observed under SEM.

' ,;' ,V ,..*"2 * %,.% V %'' v %JV %,V' .. '%% - . .'. '-
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The zeta potential of the glass powder, corrosion

layers and various fluoride compounds were measured in

solutions of different pH values in order to find the

isoelectric point (IEP) of each species measured. The

solution pH was adjsLed by 0.01N hydroclcric acid (HCI! and

0.01N sodium hydroxide (NaOH) solution. After the solution

was prepared, the powder sample was added and the solution

ph was taken after Lhe suspension was shaken vigorously for

a few minutes. The suspension was not put into the cell for

measurement until the solution pH had remained constant for

several irtinutes. After the measurement, the solution pH was

checked to insure that the value had not drifted

sigrificantly. ._

4.3.5. Flow Tests: High Dilution Condition

The experimental set-up for dynamic flow tests is shown

in Fig.4.3. Ultrapure (i.e. 18M Ohm) D.I. water from a

Milli-Q water system was passed through two valves, used to

contrcl the flow rate, along 100 feet of tygon tubing with

one end connected to the water system outlet while the other

end led to the cleaned polypropylene (PP) corrosion vessel.

The tygon tubing was coiled in a thermostatically controlled

bath to heat che D.I. water. Within the vessel, either a .

teflon thread or teflon screen basket, which had been pre-

cleaned, was used to hold the glass sample. Solution pH and

temperature were monitored with a pH electrode and a

I i . .. . .. .
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Table 4. 2. T1he f lowing condItions f o::- -.13w test s

I B St ."'ample 2lwrartc :cr.:

')! ZBLA 13 S9 N - h.

') ZBL 22 slow 0~h.

ii ZBLA 333.3 strOIiL2CC r

(ai-4 ZBLA-F 312.5 N _

(b) -. ZmLA 608.4' rvediw.. C.5::7

(c)-1 ZBLA 6~38.2 medium i 6, .5C C. 1,2

(c,2 ZEL7, 123.6 N J,6'Ar.

'c> z E4.2 strono 6 6 L.

c)4 ZISLA 65.9 s :rong~6 .-

Lsrae ,-
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!I
thermometer during the experiment. A stir bar was placed in

the vessel to stir the solution, if necessary, and the

stirring speed was controlled by setting the dial on the hot

plate. The flow rates used ranged from 120 to 1150 ml/min..

The variabies of flow rate, temperature and stirring speed

are shown in Table4.2.

(a). The effect of stirring speed: Polished ZBLA glass

samples were corroded in the vessel for 6 hours. One

sample used a flow rate,which has also been normalized to

the sample surface area as the value given in the -

parenthesis, of 0.75 1/min. (139.9 mi/min.-cm 2 ) without

stirring, i.e. Test(a)-l. The other sample was corroded at

a higher flow rate of 1.15 liter/min. (228 ml/min.-cm 2 ), %

using slow stirring speed, i.e. Test(a)-2. Corroded

samples, after a rinse in methanol and toluene, were

observed under SEM both for surface topography and fractured

.5.
• cross section to examine the corrosion layer formed. EDX

analysis, X-ray compositional line scan analysis were

conducted, X-ray diffraction spectra were also acquired. In

order to further test the effect of stirring speed, a ZBLA

sample was held in a teflon holder and corroded in water

flowing at a rate of 0.5 liter/min (333.3 ml/min.-cm 2 ) with 1

a very high stirring speed for 9 hours, i.e. Test(a)-3.

After rinsing and drying in a vaccum oven for a short time,

both surface and fractured cross section were examined with

SEM, and X-ray diffraction. Another ZBLA-F glass was
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clamped in the sample holder which is made of two thin

teflon plates with a 1 cm diameter aperture on each, i.e.

Test(a)-4. After exposing the sample in the holder to the

D.I. water, at a flow rate of 1 liter/min. (312.5

min/min..cm 2 ) for 1. hour; the sample was removed from the

holder, rinsed, then observed under SEM.

(b). Corrosion layer formation: To find out how the

corrosion layer forms with time, a series of ZBLA sampes

was corroded under a flow rate of 166 ml/min

(608.4 ml/min.cm2). with stirring at medium speed, for

different periods of times, i.e. Test(b)-l. After rinsing,

the corroded samples were fractured and the corrosion layer

formed was observed and measured by SEM. An average

thickness was determined for the transform layer.

(c). High temperature flow corrosion condition: The

effect of temperature on leaching of fluoride glasses was ..

studied by corroding several thin ZBLA glass plates with

stirred D.I. water flowing at a rate of 120ml/min (638.2

ml/min.-cm 2 ) at temperatures from 100C to 85°C for 6 hours,

i.e. Test(c)-l. The solution temperature was controlled with

a heat bath, and for the temperatures lower than room'. *

temperature, ice cubes were used to fill the bath tank. The

corrosion layer formation was examined by SEM on a fractured •

surface.

High temperature flow tests were also conducted at

rates of 272 ml/min (123.6 ml/min..cm2) flow at 671C without

- V
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stirring, i.e. Test(c)-2. Surface crystal precipitates were

observed by SEM. Both Test(c)-3 and 4 were conducted in a

D.I. water flow, having a rate of 250ml/min.

(65 ml/min..cm2 ), for 6 hours with a high stirring speed at

different temperatures. The corrosion solutions used fo

both the high temperature, i.e.630 C, and room temperature

flow tests were sampled at different times during the

experiment for I.C.P. solution analysis. Also, an X-ray

diffraction spectrum was taken of the high temperature flow

corroded sample.

4.3.6. Hydration/Dehydration Tests

Infrared spectroscopy has been commonly used to study

the corrosion process in fluoride glasses, mainly by

monitoring the change in size of the water (H-O-H at 6.2 im)

and hydroxyl (0-H at 2.9=m) bands. In this work, a Fourier-

i Transformed Infrared Spectrometer (Nicolet 20SXB FTIR

S~ectromaLer) was used to study the hydration and

dehydration processes of ZBLA-F fluoride glass samples

corroded in flow conditions at both room temperature and

higher temperatures.

A sample corroded for a short time in a static solution

was also studied to compare with the samne glass exposed to

.flowing water for the same duration of time. Two samples

were obtained by corroding the ZBLA-F glass in a flowing

solution at the rate of 250ml/min.. The solution was
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stirred for 3 hours. For comparison, the same glass was

corroded under static condition, S/V=2, for 3 hours. After

rinsing the samples, transmission spectra were taken and SEM

was used to measure the depth of attack.

Samnples were also corroded at different temperatuies 4

but the same flow conditions to study the difference in

spectra. The hydration test is the test which measures the

growth of OH and H-O-H band with increasing corrosion time.

Two series of tests were conducted at 560 C and 200 C. The

solution was stirred and the flow rate was 250 ml/min.. The

sample was placed into a corrosion vessel for a

predetermined period of time and then was removed, rinsed in

methanol and toluene to remove adhering water, for spectral

measurements. The sample was put back into the corrosion

vessel for an additional period of time and the same steps

were repeated again. To eliminate the possible error caused

by cracking which could occur during rinsing and air-drying,

the same sample was used either for no more than two

measurements or for a short cumulative leaching time. The

integrated areas of the OH band and HOH band were measured.
By using a liquid cell, the transmission spectrum of pure

D.I. water was taken as a standard to analyze the spectra of

the corroded glasses. The ZBLA-F glass was also corroded at

166 m!/min. water flow for 9.5 days to obtain a thick

corrosion layer. FTIR spectra and X-ray diffraction spectra

were acquired.

°4
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A dehydration test was conducted on a sample corroded

at 680C under flowing conditions. The rinsed corroded

sample was put into a hot stage which has two cartridge

heaters installed and the temperatures used to dehydrate the

corroded sample were maintained by a controller. The hot

stage was mounted in the FTIR sample compartment without

changing the position throughout the experiment. N2 gas was

used to purge the compartment continuously. The ]?TIR

transmission spectra were taken at different stages of the

dehydration process.

%a



CHAPTER V

RESULTS AND DISCUSSIONS

5.i. Raw Material Studies

The raw material components of the glasses tested were

dissolved in aqueous solutions to measure their saturated

concentrations and their equilibrium pH in solution in order

to separate the behavior of each individual glass component

in the aqueous environments from the observations made on

the composite glasses.

5.1.!. pH Drift of Fluoride Compounds

Predetermined amounts of high purity anhydrous fluoride

compounds, ZrF 4 , BaF 2 , LaF 3 and AlF 3, were dissolved in

water. After waiting for a sufficient period of time to

assure the achievement of equilibrium, the supernatant

Solution was filtered and used fcr measuring the pH values

% and ion concentrations.

The results of pH measurement are shown in Table 5.1.

The only fluoride compound that caused a distinct pH drop is

ZrF 4 while the others only showed minor pH changes. BaF 2

showed little pH change in spite of its high solubility in

the aqueous environment. This will be discussed in the next

section. The pH drop resulting from the dissolution of

:9
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Table 5.1. Solution pH drift measurement of fluoride
camnou nds

Compound pH drift Observation

ZrF 4  5.7043.29 clear

_aF 5.7045.51 clear

LaF3  5.7045.26 clear

AlF 3  5.7045.01 clear

LiF 5.7046.21 clear

ZB 5.7043.29 ppt. formed

BLA 5.7045.57 c.ear 

ZBLA 5.7043.29 ppt formed

)~
.. .

.4

£- ;.
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".%

Table 5.2. Solution Analysis of Fluoride Compounds,
r (10-5mb1)

< [r ] [, a"] [La] f [Li] [F! i

ZrFA 40.6 ---.. .. .129.0

BaF 2  --- 35.9 ---... .. 29.5

LaF 3  .. . 0.06 --- 0.18

AlF 3  .........- i. i --- 2.3

LiF ............- 677.0 684.0

ZB 34 .0 21.1 112.9 I
3LA --- 32.5 0 0 23.2

ZBLA 28.5 19.1 0 0.8 --- 104.2

,%'

_ ,.'',%

, '.

'-

_ .. . _ i _ %.'. '0
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fluoride compounds, particularly ZrF 4 , is due to the

hydrolysis of the dissolved species. For example, the

hydrolysis reaction of ZrF 4 is responsible for a large part

of pH drop during the corrosion of fluorozirconate glasses.

This conclusion is strongly supported by the difference off

pH drop observed by mixing together powders of ZrF 4 , BaF 2 ,

LaF 3 and AlF3 in different combinations including a mixture

of the same composition as the ZBLA glass. Tne BLA

combination caused a pH drop similar to that obtained from

BaF 2 alone, while the ZBLA combination had the same pH drop

as ZrF 4 alone. For ZrF 4 , the effect of ion exchange

reaction on the solid plays little role here because the

powder used was nearly completely dissolved. Another thing

worth noticing is that a layer of precipitate coats the .- Z"

bottom of the container whenever ZrF 4 is mixed with BaF 2 for Y

a certain period of time. The small pH rise resulting from :. *

the LiF dissolution was attributed to its high solubility

because a sufficient amount of hydrogen ion (H+) will ..

associate with fluoride ions (F-) in the solution to form

HF. The solution cation concentration was measured by

I.C.P. an the fluoride ion concentration was measured by-'

potentiometry with a fluoride ion selective electrode.

Powders were mixed to reach a concentration in solution of

50ppm for complete dissolution. The results are listed in

table 5.2. The LiF and BaF 2 experienced nearly complete S

dissolution, and the concentration of ZrF d was also high, - v

%5
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whereas LaF 3 and AIF3 dissolved very little. The

measurements also showed a stoichiometrically defficient

fluoride ion concentration in solution when compared to the

cation concentration measured. This result confirms

Siamioris' titration study ot ZBLAL glass powder.18

These authors suggested that, on the average, each Zr and Ba

ion retain one fluoride ion despite the addition of a strong

complexing agent (TISAB), and therefore, that in the pH N

range covered by the tests, the metal does not release all

its fluoride ions. In addition, the results presented here

show that Al will also retain one fluoride ion. Simmons

further showed that the more highly dissociated species can .S
only be expected in appreciable relative concentrations in

solution in the very early stage of corrosion where the

fluoride concentration is relatively low. They found that

the [ZrF 4] species can be dominant in solutions where the

fluoride ion concentration is higher than lppm.

W4hen dissolving the combined powders, the [Zr] and [Ba]

concentrations measured were lower than their individual N'

solubility. This explains the observation of precipitation

products at the bottom of the container, mentioned earlier.

5.1.2. Solubility of Fluoride Compounds

Sclubility of the substance has been considered as the

most important factor that affects the mineral dissolution

process and the rate controlling mechanisms.46 Moreover,
mechansms.4

N.'
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for the case of nuclear waste glass leaching, if the flow

rate of ground water is slow, aqueous solubilities rather

than kinetics of the dissolution process have been used to

impose a limit on the maximum concentration of many elements

that dissolve from the nuclear waste forms.4048,.

Therefore, in order to gain a basic understanding of the

leaching behavior of glass itself, it is necessary to study

the so!ubilities of the glass components.

The solubility of fluoride compounds in solutions of

different pH are measured by adding a sufficient amount of

each fluoride compound to the solutions, that undissolved

material remains in the container. The saturated solution

is then analyzed by ICP. Figure 5.1 shows the strong pH %

dependence of the solubility of fluoride compounds, all of

which exhibit a dramatical increase of solubility in acidic

environments. LaF 3 has the lowest solubility at nearly all

pH values with a minimum around pH=5.26; AlF 3 shows a range

of low solubility between pH5-6 and a sharp increase below

pH5; BaF 2 has the highest solubility among these four

compounds. In the solution pH used, ZrF 4 is relatively

difficult to measure because the precipitation of hydroxide

can occur in solution pH 4 and pH 6, therefore the minimum

solubility shown at pH3.29 was taken from a measurement .1
using D.I. water instead of a buffer solution. The dotted

line for ZrF 4 between pH 3.29 and 10 indicates an

uncertainty of the minimum solubility point which should

pi
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~BaF 2

I.,.,.,. 'p '-,

Zr.4
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-aF3".

.2 4 6 10
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Figure 5.1. Solubilities of fluoride compounds, ZrF4 , BaF2 , •
LaF 3 and AIF 3 , in aqueous solutions of different pH.
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fall within this range. The high solubility of all the

glass components at both ends of the pH scale is responsible

for the high leach rate of the glass in acidic solutions. 21

The decrease near neutral pHis consistent with a minimum

leach rate at ph 8. A small incease in hore basic

solutions, i.e. pH 10 can be explained by the increase of

solubility of LaF 3 , AIF 3 and ZrF 4 and still relatively high

solubility of BaF 2. More solution pH effect on the

corrosion of fluorozirconate glasses will be discussed in

the next section.

5.2. Short Time Corrosion and pH Effect

A short time leaching study was conducted on glass

powders to determine how glass components leach from the

very beginning after contact with D.I. water.

5.2.1. pH Drift

Different amounts of ZBLA glass powder were used with

the same amount of D.I. water to vary S/V ratic. After
V,

being shaken for predetermined period of time, the solution

was filtered an" the solution pH vs. time were measured as

shown in Figure 5.2.. solution pH experienced a sharp drop,

at all three tested S/V iatios, for soaking times as short

as 10 seconds and then the decrease leveled off and

continued to drop slowly. In all cases the higher the S/V

ratio the more pH drift with time.

-0 N
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5.2.2. Short Time Leaching

Using ZBLA glass powders, the test samples were prepared

in a similar way as in the pH drift measurements. Cation

concentrations were measured by I.C.P. spectroscopy and

fiuoride ion concentration was moni.tored ny means of a

fluoride ion selective electrode. The result was plotted as

normalized leach rate versus time, see Fig.5.3. The

normalized leach rate (NLR) was calculated from the

following equation:

NLR= [x] V/ (S t w) = 4gicm 2 day

where x= ppm in solution measured, V= solution volume (ml,

S= surface area (cm2 ), t= soak time (days) and w= weight

fraction of element in the original glass. In this study

since the soaking time is so short the measurement of cation

concentration with I.C.P. is critical. A sufficient amount

of glass powder was needed and the most sensitive

wavelengths were chosen for increased detection sensitivity.

The detection limits of the various components are -

Zr=0.007ppm, Ba=0.001ppm, Al=O.Olppm and La=0028ppm. All

the elements are present in solution at concentrations much

higher than the detection limits except La which is slightly

lowei. The leach rate of Al, Ba and F are higher at the

very beginning, however, this could be due to the small -

tines, or surface irregularities on the glass powder used.

4
%
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r.,Figure 5.3. Normalized leach rates vs. time for individual
elements of ZBLA glass from solution analysis.
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The increase in leach rate at longer time can be attributed

to the effect of solution pH drop to a more acidic range.

This result proved that the dissolution of glass occurs

as long as it remains in contact with D.I. water, including

the f lass network former ZrF 4 . Th.i ieauhing process is a

combination of network break-down plus selective leaching.

The glass network breaks down at a certain rate which is N

represented by the leach rate of Zr from the very beginning.

This can be confirmed by the short time pH drift measurement

discussed in last section, i.e. 5.1.2., where a sharp

solution pH drop occurs as soon as the glass comes into

contact with water. Moreover, The leach rate reported here

is comparable to that of longer time leaching studies done

by Simmons. 18  I

5.2.3. Corrosion of Bulk Glass in Different PH Buffer
Solutions

Polished ZBLA glass plates were corroded in an S/V=i0-
2

environment of different butter solutions; the solutions

were stirred. After Corroding at pH values of 2,4,6,8 and

10 for 2 hrs., 2 hrs., 201 hrs., 201 hrs., and 201 hrs., -

respectively, both the sample surface topography and the

fractured cross-sectional surface were examined with SEM. . *

see Fig.5.4. For pH2, the most acidic case, very severe

network dissolution occured, forming extensive broad pits

over the glass surface with some precitates covering the top

. ,-
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of the surface, see (a). In some regions, instead of broad

extensive pits, severe disssolution left irregular pits and

remnants on the glass, see (b). At pH4, where the

solubility of ZrF 4 is much lower than at pH2, a thick

transtorm layer forms in two hours, see (d), altholqi the '

surface topogrophy exhibits little change, see (c). This

can be explained by the difference of solubilities of two

main components in glass, i.e. ZrF 4 and BaF 2 ,. The

phenomenon of an altered layer remaining behind as the

aqueous solution leaches soluble and moderately soluble

species from the glass matrix has been observed in the

corrosion of nuclear waste glasses. 49  A similar argument

could also apply to the layer formation of pH6, see (e) and

(f), and pH8, see (g) and (h). In a pH 10 solution, where
~?

BaF2 has its lowest solubility and which is very close to

that of ZrF 4 , (see Fig.5.1), there is no distinct

transformed layer, see (j), only numerous pits on the

surface due to a matrix dissolution processes, see (i).

Although the solubilities of AlF 3 and LaF 3 are high at pHl0,

they only make up small proportions of the glass, thus the

effect will be small. Moreover, the solubility of ZrF 4 here

is about half that measured at pH2, but the degree of

corrosion is much smaller. More work still needs to be done

to obtain a better understanding of the corrosion process in

basic environments. However, the selective leaching of more

J' soluble species, i.e. BaF 2 , can drastically enhance the

I
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glass leaching processes. Because of the microporosity

produced after leaching of BaF 2 it is possible for the

solution to penetrate into the bulk glass and the effective

glass surface area accessible to reactions with the solution

will be greatly increasea. Another conclusion which can be

drawn from this test is that for corrosion in acidic aqueous

environments, the leaching process is drastically

accelerated and the solution saturation/Ireprecipitation

process can occur faster.

The 6 hours stagnant tests with S/V=40 were conducted on

ZBLA glass in pH2 and pHl0 buffer solutions to observe the .5

% corrosion layer formation. At pH2, see Figure 5.5, the

surface was covered by spherical crystalline precipitates, 0

see (a), which were composed of many small colloids, see

cross-section (b). In some regions, below these spherical

crystals another smaller spherical type of precipitate can

be found in the broad etch pits, see (c), with

microstructure as shown in (d). For the case of pHl0, only

a few pits were formed, mostly along polishing lines, see

Fig.5.6 (a), with some small colloidal precipitate formed,

along the polishing lines, see (b), and in the pits, see

(c).

p

5.3. Solution Precipitation Study

Precipitate crystals have been found formed on the

corroded glass surface. However, the formation mechanisms S.

' - * .1 &P''9' *P. . ' d~ 5 . ~ ~'.r ' ~ ~ ~ P . ~ r ZSA P9~9' pp°-
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are still subject to debate. Doremus et al. 28 proposed that

the ZrF 4 crystal deposits on the glass surface grow from the
0

glass surface and that surface diffusion and surface

depletion of other ions may be involved. These authors also

suggested the dssolurion processes of glass should not be

controlled by the diffusion in solution. Frischat et al.38  0

made a similar suggestion that the crystals which form on

the surface can be due to a part of the leached/dissolved

glass components segregating at the glass surface. On the 0

other hand, Simmons et al.14,18 - proposed that crystals are

formed through a supersaturation/reprecipitation process _

from the solution. This study was conducted to resolve this

conflict. The solution precipitates were collected through

three methods:

(1). Through the corrosion solution of ZBLA glass

corrosion, S/V=!.5, 5 days. After the sample was removed,

the solution was left sitting for enough time to have

precipitates form and suspend in the solution. This could

then be collected for analysis, see Fig.5.7. Two types of S

crystals were found in this case. There were spherical

crystals (a) which have also been found on the samples

corroded in a stagnant solution. Their composition is

shown in EDX spectra, see (b)-(1), to be mainly a Ba/Zr

containing crystals; with a small La peak. The other type

of crystal is extensive, exhibiting network texture and -

covers the spherical crystal, see (a), its composition is

V N N % % "% .
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*Figure 5.7. (a) The crystal precipitated from solution by
method, (1), (b)-(l) The EDX spectrum of spherical crystal,
(b)-(2) EDX spectrum of network-like crystal.
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N iindicated in (b)-(2) as a Ba/Zr containing crystal with a

higher Ba/Zr ratio than the spheric_ crystal.
dS

(2). Precipitates prepared from the solution of ZBLA

glass, corroded under S/V=15 condition for 4 hours. After

the sample was removed, the solution wa& ir-dried to causc

supersaturation/ reprecipitation processes to occur and the

precipitated crystals were examined under SEM. see Fig.5.8.

Two main types of crystals were found, see (bT. Thsce t,;c

crystals are similar to the cystals formed on the glass S

surface which was corroded under a dilute and nearly static

condition, see Fig.5.8 (a). These crystals have a

composition as shown in Fig.5.9 (b)-(2), and are basically 3

ZrF 4 crystals composed of laminae shaped into thick rods.

The spherically shaped crystals consist of thin platelets

and are composed mainly of Zr,Ba, see Fig.5.9 (b)-(l).
'

However, Al also appears in the spectrum. X-ray diffraction

spectra of these precipitates are shown in Fig.5.10 (a), in
..I. .

which a-BaZrF 6 and ZrF 4 crystals can be identified, similar

to the spectra of the glass corrosion layer, see (b); yet

there were many other peaks which could not be identified.

K The existence of Al in the EDX spectrum for the BaZrF 6

crystals could come from, the bottom glass slide used or

C, from Al containing precipitates created by supersaturation

of Al in the reduced solution volume.

(3) precipitated crystal were also collected from a

solution saturated by the leaching products from the ZBLAL

SS

' .t
K',
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HII I1 BaZrF6
I ! ! ZrF4

(a) Precipitated crystals froln solution

SI BaF2
S1aZrF 6I I I ZrF4  -.£

(b) Precipitated crystals on corroded glass

Figure 5.10. (a) X-ray diffraction spectrum of crystal
precipitated by method (2), compared to nat of corrosion
layer formed at S/V=1 for 7 days, see (b).
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glass powder from which the precipitated crystals were ,.

deposited on fused silica slides. Figure 5.11 (a) shows

badly formed large plate crystals with extensive crystalline

cluster deposits on them. The EDX spectra of the plate

precipitates oniy contain Zr see Fig.5.11 (b)-(1), whereas

(b)-(2) shows that the cluster crystals have Zr, Al in them. .

The results of a comparison of precipitated crystal that

formed through saturation /reprecipitation prccesses from

the solution, with those formed on the corroded glass

surface,indicate that the precipitates formed on the

corroded glass surface are due to the saturation of the 

solution near glass/solution interface and the

repricipirtation of crystals onto the glass surface.

5.4. Stagnant Tests '

Various stagnant tests have been conducted, which allow Z

the study of the effect of reconcentration of the corrosion

products on the leaching processes. In the extreme of this

condition, it can simulate the result of the exposure of r

optical glass fibers by very small amount of water "

penetrating through the coating. In this section the

following subjects will be included:

(1) Introduction .-"

(2) Surface pH measurement

(3) Intermediate S/V ratio (i.e. S/V=1-5.) -

(a) Short time static test at S/V=5. .

*1N
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(b) Long time static test at S/V=1.

(c) Corrosion layer formation vs. time

(4) High S/V ratio static test V

NS

..4.1. Introduction

From the earlier discussion it is clear that the glass

begins leaching as soon as it contacts the D.I. water and

the leach rate of each glass component is strongly dependent

on solution pH, thus the concentration of corrosion products

in the solution will also be pH dependent. Reprecipitation

will occur when the solution reaches saturation, and the

types of crystal formed on the surface depend upon variou2

corrosion conditions. This statement can be illustrated by

comparing glasses corroded at different S/V ratios as shown

in Figure 5.12. (a) shows a glass corroded at S/V=2

exhibiting mainly ZrF 4 crystals on the surface, while the ".

same glass corroded at higher S/V ratio for 9 hours has

mostly spherical precipitate crystal on its surface, see

(b), which contains Ba, Zr. Two different glass

compositions corroded under the same corrosion condition

exhibit different surface precipitates indicating different

degrees of species saturation, see Fig. 5.13. (a), (b). In

order to obtain a better understanding of the corrosion

under stagnant conditions, it is necessary to first consider A

the solution pH value at the glass/water interface. .



87 -

LI

Figue 512. BLAF gass orrded nde diferet sati

corrosion~~~~~~~~~~ codtos a /=,3hus b ihSV

hours.

...........



88

Y.

%



VS- .-. "- V -Y DR -

89

5.4.2. Surface PH Measurement

Surface pH values of fluorozirconate glasses were

measured as a function of time with a Ross flat-surface,

epoxy-body combination electrode. Different glasses were

used for the first measurements where the S/V ratios were

adjusted between 9-13. Figure 5.14 shows the measurement

results. A sharp pH drop at the surface was experienced for

all the sample measured which then levels off at a pH value

between 4-3.45. After that the pH continues to drift

downward gradually and a second levelling off occurs at a pH

value between 2-1.6. The corroded samples were also

examined by SEM, see Fig. 5.15. In all cases, a thick layer

was formed with spherical Ba, Zr containing crystal. ZrF 4

was only found on the glass surface of the ZB"A-F sample. -'

By controlling the amount of water used in the measurement

to achieve the conditions of different S/V ratios the pH

drift of ZBLA-F glass is reported in Fig. 5.16. After the

measurement, samples were observed under SEM to find that

for higher S/V only spherical crystals were found on the

surtace, see Fig. ..17 (a). Similarly to the bulk solution

pH measurement, the higher the S/V ratio the more rapid was

the drop in solution pH value. Moreover,the pH drop on the

surface is proceeding in steps instead of a continuous drift

indicating that some buffering effect of the solution "

hydrolysis species must occur. The importance of buffers

was demonstrated in corrosion studies of silicates for
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nuclear waste disposal. There, important buffers were C02

from the atmosphere, silicates and CaCO3 from ground water,

and silicic and boric acid and phosphoric acid generated by

the dissolution of the glass.50  Unlike nuclear waste r

glasses, fluorozirconate glass leaching causes the solution

pH to drift toward the acidic range. The first plateau in

the pH drop is attributed to the buffering effect of

hydrofluric acic, which can form during the leaching

process, as shown below:51-1

H+ + F- - HF pK=3.45

As the leaching process proceeds and the fluoride ion

concentration increases, fluorine ions react with hydrogen

"* ions in the solution to form HF and temporarily buffer the

solution pH until the fluoride ion concentration in solution

is insufficient to buffer sufficiently the increasing amount

of H+ ions released in solution. Then the solution pH will

start to drop more rapidly again. Aqueous solutions

saturated with ZrO 2 react to form stable hydrolysis

products, Zrx(OH) (4x-Y), where x and y are a function of

solution pH and vary from (1,4) at pH=5.7-5.0, and to

4, gradually more dissociated species as the solution pH

decreases. 52 Simmons and Simmons 18 have calculated the

relative [ZrFx ]+4-x species concentrations and showed that

they are strongly dependent on the fluoride ion
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concentration in solution. [ZrF 4 ] and [ZrF 3
]+ will be the

dominant species for fluoride concentrations greater than

l0ppm. They also determined that if hydroxyls are

available, the most probable zirconium species in solution

are the hydrolyzed forms: ZrF(OH)2+ and ZrF2 (OH)2 with the

neutral species favored at higher fluoride concentrations,

i.e. [F-]> lOppm. The buffering effect shown after the

second drop in the pH measured near the glass surface occurs

around 1.7-2.0. It seems likely that this is due to the

dissociation of hydroxyl groups from the hydrolyzed species

proposed by Simmons et al. through the following reaction:

ZrF(OH)2+  ZrF(OH)+ 2 + OH- (1)

ZrF2 (OH)2  ZrF 2 (OH)
+ + OH- (2) ',

ZrF2(OH)2  ZrF 2
+ 2 + 20H- (3)

Moreover, the samples on which the surface pH

mcasur emcnts -.ere conducted for different times, have been

collected to observe the precipitation crystals formed on

their glass surface at different stages of the measurement,

as indicated on curve (c) in Fig. 5.16. Figure 5.18. shows

the samples corroded for (1) 4.5 min., (2) 25 min. and (3)

65 min. respectively. In (1) we can see only very few

irregular precipitates on the surface. After 25 min, (2)

shows some ZrF 4 crystals on the surface and in this case the

solution pH still appears to be buffered at 3.45 by the

.C
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formation of HF in solution. Since only a small amount of -'

solution was used in the measurement, the fluoride ion

concentration in the solution builds up very rapidly, thus

the [ZrF 4] and [ZrF 3 ]+ species are the dominant species at

tnhis time. In 65 min, however, the corrosion solution has

experienced another rapid pH drop, and we can find numerous

spherical Ba/Zr crystal on the glass surface. Higher S/V

ratios lead to a faster solution pH drop, see curve (a) in

Fig. 5.16, and a thicker spherical Ba/Zr crystal layer

formed in place of the ZrF 4 crystal as shown in the previous

ficqure.

5.4.3. Intermediate S/V Ratio

(a). Short time static test at S/V=5. In order to

understand how static corrosion proceeds with time during

the early stage of corrosion, a series of short time tests .

were conducted by putting a drop of D.I. water on top of a ,.

polished ZBLA-F glass plate, for given periods of time.

Figure 5.19. shows that under this corrosion condition,

within a time as short as 5 minutes a large number of pits,

which formed due to the matrix dissolution of the glass,

will be produced preferentially along the polishing lines, -%

see (b). This occurs because in concave regions, such as

polishing lines, corrosion products have a greater

difficulty in diffusing out thus the accumulation of these

corrosion products more easily occurs, which in turn cause a

r V del
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more severe pH drift and so more rapid dissolution. As time

proceeds, the precipitation of ZrF 4 crystals occurs and the

glass surface becomes rougher due to extensive pitting on

the glass surface, see (c), (d). Figure 5.20.(a) shows

clearly the diffcrence of surface Lupograph¥ between the

areas inside of and outside of the corroded region. Within

the corroded region, corrosion does not proceed uniformly; V.

some regions, such as compositional inhomogeneities,

experience more severe corrosion. The boundary between the

corroded and uncorroded region exhibited severe corrosion

due to the evaporation of water and corresponding reduction

in solution pH during the experiment. Fig.5.20(b) shows

that in some areas, the glass network breaks down and water

starts to penetrate into bulk glass.

(b). Long term static test at S/V=l. These tests were

conducted to examine the corrosion layer formation of

fluorozirconate glass under static condition. A sample of

ZBLA alass was Lrunersed in D.I. water at S/V=1 for 7 days.

Figure 5.21 shows the typical statically corroded glass

surface with two distinct layers formed, see (a), due to the

leaching processes. The outer layer is composed of three

main types of precipitated crystals, see (b), thus this

layer will be refered to as the precipitation layer in the

rest of the text. Ecow the precipitation layer is a layer

which was originally glass and has reacted with water. On

the top of this layer polishing marks still can be seen, see
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(c), this layer will be called the transform layer. Below -

the tranform layer is the bulk glass on which pits can be

found, see (d), due to the reaction of the penetrating water

with the glass.

(). Precipitation layer. In addition to the ZrF 4

crystals in this layer are two other main crystals whose EDX

spectra are shown in Fig.5.22 and Fig. 5.23 respectively.

Both of these crystals contain Ba and Zr and the spherical

crystals in Fig.5.23 contains a much higher Ba/Zr ratio than

the other crystals. If we look at the cross-section of the

precipitation layer, see Fig. 5.24, the bottom part of this

layer consists mainly of spherical crystals composed of S

spikes and having a very porous texture, see (b), while the

Vouter part of this layer, composed of the crystal shown in

Fig.5.22, has a random texture and appears to be less porous

than the bottom crystals, see (c). The upper crystal is

A. identified as a-BaZrF6 from an X-ray diffraction study, see V

=.. 5.25. The existence of this kind of crystal was

confirmed by the observation of an endothermic peak near

570 0C in DTA measurements of the corrosion layers,

corresponding to the transition temperature of BaZrF 6

crystal from phase to 5 phase. 53 Furthermore, from this

X-ray diffraction study BaF 2 appears to be one of t'

crystalline phases in the corrosion layer, thus the crystal

shown in Fig. 5.23. (i.e. the lower crystal), may be BaF 2

since there is only a weak Zr signal detected in the EDX

.0
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spectriun. Because of the highly porous texture of this I'

crystal, the signal coming from material below this crystal

such as either ZrF 4 crystals or the transform layer, may

have contributed to the spectrum recorded.

T-1-Ac formation of several precipitatlon layers can be

shown by comparing the X-ray diffraction spectra from the

corroded glass itself where the X-ray only samples the top

few microns of the precipitation layer, see Fig. 5.25. The

spectrum (a) show that the top of the crystalline layer is

made up of a.-BaZrF 6 crystals, while the diffraction spectrum

of material removed from this layer by scraping shows the ..

peaks of ZrF4 and BaF 2 crystal in addition to a-BaZrF6.

During the noncongruent dissolution of the glass, several

processes control the nature of the precipitates. These are

the degree of supersaturation, the solution pH, the species

in solution and the rate of material diffusion away from the

corrosion regions. As various portions of the precipitated

layer form. it is conceivable that the material- removal

process and the pH can be sufficiently altered on a local

basis to lead to the rapid dissolution, saturation and

precipitation of crystals of different composition or

different Zr/Ba content. More discussion of the formation

of the precipitation layer will be seen in section 5.5.

(2) Transform layer. The criginal glass qurface which

was altered by reacting with water is shown in Fig.5.26.(a)-

(d). (a) shows the surface topography of this layer which
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is severely corroded, (b) indicates, in cross-section, that

this layer is very thick and porous and was formed through

selective dissolution of more soluble species from the glass

on a local scale, e.g. at inhomogeneities or high strain

areas. Moreover, water can penetrate through this layer

further into bulk glass, and as in (d), can react with the

bulk glass below the transform layer.

When we removed these corrosion layers carefully and

conducted TGA weight loss analysis on them, the results of

Fig.5.27 were found. (a) shows a 17.5 wt% loss due to the

removal of water in the layers during heating. The

differtial curve (b) indicates most of the water was removed

by raising the temperature up to 120 0C. Assuming the

average density of the solid portion of these corrosion

layers to be 4.0 then these layer would contain about 70

vol% of water, which suggests these layers are very porous.

EDX analyses on different regions of the corroded glass

a~~~,~,s~o~ --g.5.28.. Compared to the uncorroded glass,

see(a), the transform layer has less F and Al which agrees

with the leaching rate measurement where both of these

elements exhibit a higher dissolution rate. Moreover, the

transform layer contains a higher Ba/Zr ratio than the

glass. Lanthanum(La) seems not to change concentration
noticeably. The precipitation layer, see (c), contains

essentially no Al, little La and has a higher Ba/Zr ratio

than the bulk glass.

U- 
t.
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An X-ray compositional line scan was conducted on the

polished fractured surface of a corroded sample to study the

composition profile of the glass corroded under static

conditions. The region scanned is shown in Fig.5,29. and

the results of elemenzal analyses for Zr,Ba and F are

plotted. By comparing the results to the bulk glass, the
o

tranform layer has less Zr due to selective dissolution,

especially at the reaction front. Moving further out toward

the original glass surface, the Zr concentration increases a

little, going to a region that has relatively higher Zr

concentrations than the other regions of the tranform layer.

Beyond this higher concentration region, the Zr

concentration decreases again until it approaches the

original glass surface. For Ba there is also a low

concentration region near the reaction front and there is a

region having a higher concentration when getting closer to

the original glass surface. A small region having lower Ba

concenrtation near the onginal glass surface also exists.

For fluoride (F) concentration, which is relatively more

difficult to analyze reliably with this technique, one sees

no distinct decrease near the reaction front and a

relatively lower concentration of F at the outer region of

this layer. Those regions having higher Zr and Ba

concentrations than at the reaction front are attributed to

the precipitation which occurs because corrosion products

could not be transported out effectively, thus accumulating
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in the solution in this layer. This agrees with the fact *0

that the region close to the original glass surface

isrelatively depleted, because the transport path is

shorter. Considering the precipitation layer, these-I

ionluzicns are comfirmed by the result of EDX sclective -,

spot analysis which show higher Ba/Zr than the bulk glass. /

The lower signal in this layer is due to its porous

structure.

(c) Corrosion layer fomation vs. time. The growth of

the corrosion layer was studied by measuring the average

thickness of the tranform layer with time using fractured
V.

corroded glass. Figure 5.30 shows for 0.5 day, (a), the

primary precipitate consists of ZrF 4 crystals, and the

transform layer is relatively thin. As time passes, the

spherical crystals begin to precipitate and cover the ZrF 4

crystals, see (b). Both a precipitation layer and a

transform layer are formed, with an increasing thickness

.. with corrosion time, see (c). The reaction front is not

uniform; however, measurments of the average thickness of

the transform layer, Fig.5.31. show that the leached

transform layer thickens more rapidly during the early

stages of corrosion than during the later stages. No steady

state was reached within the experimental time. The

precipitation layer while becoming thicker could possibily
S

act as a rate limiting barrier because the formation of the

precipitate creates new precipitation sites further and
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further away from the surface of the dissolving solid if the .

precipitation layer is very compact.46 However, this

interference of a thick precipitation layer with the

diffusion of water and the dissolved species to and from the

interface between the dissolving solid and the solution

should play an insignificant role as a diffusion barrier due

to its porous texture. Moreover, for a porous precipitation

layer, the corrosion species do not necessarily have to

diffuse through the whole precipitation layer to find a

precipitation site. Instead, crystals can precipitate out

from solution while still inside the pore channels. This

non-protective role can be supported by the relatively

depleted region in the transform layer adjacent to the

original glass/solution interface, see Fig.5.29. The cause

of the decrease in the leach rate is more likely to be

associated with the formation of a thick transform layer

which is less porous than the precipitation layer according

to the SEM micrognaphs shown previously. From X-ray line

scan results, see Fig.5.29., a region of higher Zr and Ba,

especially Ba, was observed. Selective dissolution of glass

produces a porous transform layer resulting in a dramatic

increase in surface area is and thus the S/V ratio in this

layer can be very high and cause a greater pH excursion

toward more acidic values. Due to the enhanced leach rates

in acid solutions, accelerated dissolution can saturate 
the A

solution in the pores rapidly. As the transform layer

A ....... ..... a '
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.S
becomes thicker, the diffusion path for the dissolved

species becomes longer and thus supersaturation can be

reached inside the transform layer and precipitation can

ioccur inside the layer. The large ionic radius of Ba could

be responsible for slowing down the diffusion process of its

dissolved species and hence could enhance the precipitation

process even further. The observation that precipitation

could occur in the thick transform layer is supported by

the results reported by Simmons and Simmons1 8 , that the

leach rate of the glass componeits, especially Ba,

Sexperience a decrease at longer times; although this

decrease in leach rate can also be related to the common ion .S
effect caused by the increase of fluoride ions in solution.

5.4.4. High S/V Ratio Static Test

In this section are considered the results of corrosion

of fluorozirconate glasses conducted at high S/V ratios in

D.I. water. In order to simulate the-effect of a very small

amount of water penetrating through the coating of optical

fibers, the ZBLA glass was exposed to stagnant water in a

67 low dilution test with S/V=40 was conducted on a ZBLA glass.

Figure 5.32 shows that two precipitates can form on the

surface, consisting mainly of large spherical crystals and

small spherical precipitate below them, see (a) (b). In

some regions, selective dissolution still occurs to form a

thick transform layer under the compact large spherical
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(a)(

(b) (c) ..

Figure 5.32. (a) Surface topography of ZBLA glass corroded
in D.I. water, S/V=40 for 6 hrs.; (b) cross-sectional viewofthe region where two layers of precipitates formed onp

extensive broad pits; (c) cross-sectional view of the region
where the glass suffered severe selective dissolution
instead of complete matrix dissolution as in (b).
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crystals. These spherical crystals were identified as a-

BaZrF6 from X-ray diffraction spectra to be shown later.

Figure 5.33 (b) shows extensive, broadly etched grooves

similar to those in Figure 5.4(a), suggesting that for high .
S/V ratio conditions, matrix dissolution processes dominate

as occurs in highly acidic environments. The precipitated

spherical crystals from the glass corroded at high S/V ratio

in D.I. water has the same appearance as those from glass

corroded in a pH2 buffer solution with the same S/V ratio,

see Fig. 5.34. This suggests that the corrosion in D.I.

4ater of high S/V ratio is similar to the corrosion in a

Aighly acidic environment. •S

~5.4.5. Summary .

The corrosion layer formation is very much dependent

upon corrosion conditions. one of most important phenomena

that control the leaching behavior of fluorozirconates is

the solution pH drift due to thehydrolysis of dissolved

species, especially ZrF 4 , and any ion exhange process

between hydroxyls (OH-) in solution and fluoride (F-) ions

in the solid, to be discussed in Section 5.7.. The rate of

pH drift can be affected by S/V ratio, therefore it will

change with the composition of the solution and the relative

degree of supersaturation. Figure.5.35 illustrates the

corrosion layer formation for ZBLA glasses corroded for the

same time under different S/V ratios. in high dilution
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conditions, which correspond to flow conditions that will be N

discussed in section 5.6., most of the corrosion products

can be carried away by the solution flow. Since little

accumulation of corrosion products occurs at the solution/

gilass interface, the sulution pH does not experience as

large a drop as measured in static solutions. No

precipitation layer forms in this case except for a few

small ZrF 4 crystals. Many colloidal particles precipitate
within the transform layer and some deep pits extend into

the bulk glass indicating a significant water penetration. '

At the other extreme, at very low dilution conditions which

simulate fibers attacked by a small amount of water

penetrating through the coating, enchanced leaching and

accelerated precipitation can produce both thick

precipitation and transform layers. In the intermediate

case, the transform layer is not as thick as in (b), and the

precipitated crystals are mostly ZrF4 , see (c). The results

f X-rAr diffraction studies of the corrosion layers of ZBLA

glasses corroded under different conditions are shown in

Fig. 5.36. In the low dilution case, a-BaZrF 6 crystals make

up the primary precipitate and appear as large spherical -

crystals composed of small particles as shown in Fig.5.34.,

while for intermediate conditions many crystals can

precipitate out, including a-BaZrF6, ZrF 4 and BaF 2.

Under static corrosion conditions, it is expected that

if no precipitation occurs in the leaching solution, the

-x N., - %A*4
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leach rate of individual elements will decrease and even

cease as the leaching progresses and the accumulation of

elements in solution reaches saturation levels. However,

precipitation of saturated species can effectively remove

e.leme.Its from solution and thus reduce the saturation

effects that normally occur in static leaching. Therefore,

static corrosion rates are very much dependent upon the.

precipitation kinetics. 54 Moreover, the thick piecipitation -,4

layer itself could act as an effective diffuson barrier and

interfere with leaching processes, if the structure is

compact enough. Unfortunately, this is not the case for IA

fluorozironate glasses, at least for the case of

-0
intermediate S/V ratio conditions, where the precipitation

layer has a porous structure. This layer thus plays only a

small role in limiting the rate of further leaching..

However, the thick transform layer of staticly corroded

fluorozirconate glasses can act as a diffusion barrier to ~.

.ilow down the leaching process, and additional precipitation

can occur within this thick layer.

5.5 Zeta Potential Studies

5.5.1 Introduction a

When glass sample is immersed in an aqueous solution,

electrical charges can develop on its surface 55 resulting

from the adsorption/desorption of ions between the glass

surface and solution56 . These surface charges will chanc

0]
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the distribution of neighboring ions in solution by

attracting oppositely charged ions (i.e. counter-ions)

toward the surface and repulsing co-ions from the surface.

This, together with the mixing tendency due to Brownian

motion, leads to tio formation of an electrical double layer

made up of the charged surface and a neutralizing excess of .

counter ions in a diffuse layer in the aqueous solution.

Electrokinetic behavior depends upon the electrical

potential at the plane of shear, which is just outside the

layer of adsorbed ions that constitute the charge of the

surface. This potential is called the zeta potential. "' .

The Zeta potential has been shown to play an important

role in the leaching of silicate glasses. The diffusion of

the charged species through the glass/solution interface is

affected by this potential 57 . Moreover, the stability of S

colloidal precipitates in the leachate is closely related to 4 %

the glass zeta potential, as colloids may be attracted to

the glass surface by Van der Waals force and become part of
I

the surface film or be repelled from the glass surface by

either a hydration barrier layer or an electrostatic

repulsion force between the similarly charged glass and

colloids.
58

5.5.2. Zeta Potential vs. Corrosion Layer Formation

In order to obtain more insight into the formation of

the precipitation layer at the fluorozirconate glass .
P4

4. 4'
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surface, electrophoresis was used to measure the zeta

potential of ZBLA glass powder in D.I. water as a function

of leaching time. The specific conductance, which is•A

related to the ionic strength of the solution, and solution

.wi wer.e also measured. The result is shown ;n Fig.5.37. .

the zeta potential first increases slowly, experiences a

maximum and starts to decrease. Negative values were

reached after longer times. To correlate this with the

corrosion layer formation on glass, four small thin glass

plates were put into the solution with the glass powder, and

they were taken out one by one at different times as

indicated in Fig.5.38. Because of their relatively small

surface area compared to that of glass powder, the

experimental results were not noticeably affected by their

presence. The plates were rinsed and used for SEM

examination. Sample (1), in Fig.5 39, was partially covered

by small ZrF 4 crystals. Sample (2) shows a second

spherical crystal precipitated on ZrF 4 and the whole glass

surface is almost covered by precipitates. Sample (3) was

found to have a third crystal type, which contains Ba and Zr

as found in the solution precipitation study, covering the

other two types of crystals, so that the whole glass surface

was covered by precipitate crystals. In sample (4) thick

platelets cover the precipitation layer and form a very

thick layer. Two main conclusions are suggested by these

results: (a) As time proceeds, the potential measured was

L__



129

..(Wqo) Os Hd

0 0O '~ co

-00

1.1

0 r

U 4-4 .

) 0
00

Q) LA

4JC

* E-4

4-4 *

r.--

U 00 0S'

-1

-F-4

-. A A -R g -A-

-40



. ...- - -. • * I

t
130 ".

44.

r_ 0
~(w~Ow

,p cv,,,.,-J

,:~. %O

o t

""-.

E En

) 0 0

-0 10 u

C' U" S4,

0 02-0

-4

0
" ~~~~~~C 1 I .-

04~~~~_ 00 "
(AW) az C1 M,

"'w

% %

-,V.-, ,.- .. -,,- . . . .C...)..- .. .. ' ",.,.." .. ' .' .,.." ..O ," .. '.,' -% " '.,._,".."'.'"","% 4_,.,,'','I,' .v ",%NN1.

U,"S



-.)

t""

131

,., %.

44,

s.. 7

bN
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layers formed, corresponding to different stages of zeta
potential developed atZBLA glass surface (1) 40 min.; (2)
4.5 hrs.; (3) 21 7 r .; (4) 93.66 hrs..
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more and more influenced by the precipitation layer instead U.

of the original glass surface, which becomes covered

gradually, as the precipitates form; (b) The precipitation

layer was formed by precipitation of different crystals

which formed at different times.

5.5.3. Zeta Potential vs. Solution pH

In order to understand how this multicrystal

precipitation layer was fomed, tests were conducted on ZBLA

glass powder, ZrF 4 and BaF 2 fluoride compounds and sections

of the corrosion layer formed under S/V=40, in solutions of

different pH. Solution pH was adjusted by mixing 0.01N HC1

and 0.01N NaOH solutions. Results are shown in Fig.5.40.,

the isoelectric point(IEP) of ZBLA glass powder is at

pH=4.38, see (c), while that for ZrF 4 crystal is at pH=3.2,

see (b). The negative surface potential generated when
silicate glass is immersed in water produces an

electrostatic potential gradient in the surface region of

the glass which greatly modifies the kinetics of alkali ion

migration and hence the dissolution rate. 57 Similarly, at

solution pH higher than 4.38, which occurs during the very

early stage of static corrosion of the fluorozirconates, the -.

glass surface has a negative surface charge. This could not ".-

only affect the diffusion of positively charged dissolved

species in the near glass surface region but also help to

prevent these species from diffusing away into the bulk
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solution. This will enhance the formation of a near surface

solution layer concentrated with corrosion products, which

in turn accelerates the pH drift and hence dissolution and

reprecipitation processes. Moreover, a supersaturation

condition can develop in the solution near the glass surface

due to the large pH gradient which results from the lower *
solution pH in the transform layer and higher solution pH in

the exterior solution. The solubility giad-ent caused by

this abrupt change in solution pH can enhance

supersaturation in the water film near the glass surface.

This will be discussed in more detail in section 5.6.1..

ZrF 4 might precipitate from the saturated solution near the

surface by either nucleating directly on the glass surface .*

or nucleating in the solution and being attracted to the

glass surface.

The surface potential of the glass changes from

negative to positive as the solution pH drifts below 4.38

with increased leaching time. The solution pH decreased

from 5.6 to 3.59 by the time sample (1) was removed from the

glass powder/water suspension. The zeta potential

measurements show that the crystals made up initially of

ZrF 4 have an IEP at solution pH of 3.25, thus exhibiting a

negative charge for pH higher than 3.20 and positively

charged for pH lower than 3.20, possibly due to the

ionization of the Zr ion.

The correspondence between the charges on both the

''I
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leached glass surface and the ZrF 4 crystals during the

initial phase of leaching thus explains why no precipitates

are found in the solution during the static corrosion

experiments. Because in these conditions, solution pH

adjacent to the glass surface can decrease rapidly b-lc"

. 4.38, and for solution pH values between 4.38-3.20 the LrF 4

precipitates will form on the glass surface due to the

electrostatic forces between the glass surface and the

crystal. Throughout these zeta potential measurements the

solution pH values are above 3.27.

The increasing precipitation of ZrF 4 crystals on

surface can cause a decrease of average zeta potential. •S
Furthermore, these surface ZrF 4 precipitates can act as

sites to attract other types of crystal precipitates. In

these sequences, the formation of multiple layers of

precipitates process is possible. The IEP of the corrosion

layer corroded at high S/V ratios under static conditions, t"a

see (d), is around pH=4.05. Thus it -is possible to form a-

BaZrF 4 , which is the main crystal precipitate in low
a.

dilution corrosions. BaF 2, which was found present in the -,

precipitation layer of the intermediate S/V case, is also

likely to precipitate on either the ZrF 4 crystals or thie

glass surface due to its high positively charged surface.

Unfortunately, the difficulty with this experiment is the

measurement of the zeta potential of the last precipitated

crystal, which formed on the very top of precipitacic.

%0

9.e V-0 .'Sw.,% n
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layer, i.e. the platelet cluster shown in Fig.5.27.(4),
'. . •.

which is believed to cause the charge reversal of the longer

time zeta potential measurements. P.

I

5.6. Flow Test

Under flow conditions, the glass was exposed to a large

amount of water while mixing was enhanced by stirring at

various speeds. in this dynamic environment, the corrosion

products can be transported not only through diffusion

processes but also by solution flow. Thus transport

processes are greatly enhanced and most of the dissolved

species can be carried away. However, the accumulation of

corrosion products depends on the stirring speed, i.e. how

rapidly these species can be transported away from the glass

surface. If the solution is stirred sufficiently, the

effect of solution pH drift can be eliminated.

A sample of ZBLA glass was corroded for 6 hours in the

corrosion vessel with D.I. water flow at a rate of 0.75 ;

1/min (139.9 ml/min..cm 2 ). but no stirring. The surface

topography was examined with SEM. Figure 5.41. shows that

the corroded glass surface was covered by a transform layer, -

which severely cracked during drying, with a few ZrF 4

crystal precipitates on top. This cracked layer tended to

curl up see (a), suggesting the existence of stress

gradients in the layer. Some fibers, see Fig.5.41, appear

to join adjacent pieces of the top surface of the cracked

NM'
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4
hydrated layer, which is shown later to be an amorphous

colloid layer. On the top of the surface, polishing marks

still can be seen, therefore, it may be justified to assume

that the surface of the trasform layer is nearly the same as

the original glass surface without having expercienced thc

degree of matrix dissolution seen in static corrosion,

especially at high S/V cases. Colloidal particles were

found in this layer. Below the transform layer etch pit c

were also observed, see (c). The existence of small ZrF 4

crystals on the surface suggested that the solution

immediately next to the glass surface had experienced

saturation and reprecipitation processes.

5.6.1. The Effect of Stirring Speed

* "To illustrate the effect of stirring, a clean teflon

holder was used to clamp a sample of ZBLA-F glass causing a

static condition at the corners, while the center area was

exposed to fresh water flowing at-a rate of 1 1/min. (312.5

ml/min..cm 2 ) . The SEM micrographs of different areas are

shown in Figure 5.42. The exposed area has a similar

transform layer, shown previously, while the covered region

has numerous pits covered with ZrF 4 crystals precipitates

resembling a surface corroded in a stagnant solution.

A systematic analysis of the stirring effect was then

conducted. A series of flow tests were conducted with

different flow conditions. Figure 5.43 shows the surface
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topography of glasses corroded at flow rates of 0.12 - 1.15

1/min (124-228 ml/min.-cm2 ). with different stirring speeds.

(a) is with slow stirring speed, at a flow rate of 228

ml/min.-cm 2 . No surface precipitate was found exept for

colloids in the transform layer. (b) is without stirring

but flowing, at a rate of 0.75 1/min. (139.9 ml/min..cm2 ),

of water through the corrosion vessel. Few small ZrF 4

crystal can precipitate out. In (c), smaller suples were

used and a proportionately smaller amount of flow was used

without stirring, (i.e. at a flow rate of 124 ml/min..cm 2 ).

Because there was less disturbance of water in this case,

large crystals were seen to precipitate from solution,

including ZrF 4 and a-BaZrF6 crystals. An investigaion of

samples fractured in cross-section was conducted to see the

corrosion layer formed under the different flow conditions

shown in Figure 5.44. (a) shows a sample corroded by flow

at a rate of 0.5 1/min (333.3 ml/min..cm 2 ). with strong

stirring speed for 9 hours, which leads to a relatively

thin, dense transform layer with few colloids in it. The

pits are relatively few and shallow with some small colloids

in them. (b) shows a sample corroded at a low stirring

speed for 6 hours, at a flow rate of 228 ml/min..cm 2 . A

transform layer was formed with a relatively smooth top

layer composed mainly of an amorphous deposit and smaller

colloidal procipitates while the bottom portion of the

transform layer had larger colloids. The pits are deep with

III
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smaller colloids precipitated in them, see Figure 5.45(b). ,

The sample, corroded only by flow at a rate of 139.9 .-

ml/min.-cm 2 without stirring, as shown in Figure 5.44(c),

has a relatively thicker transform layer, which was

identified as amorphous, see Figure 5.53(c), with a smoother

top layer and larger colloid precipitates in the bottom

portion of the layer. Deep pits were also found. Figure

5.44(d) shows the sample corroded under lower flow, (i.e.

124 ml/min.cm2 ) without stirring. In addition to some

large crystal precipitates on top of the glass surface a

thick transform layer was found, which looks more like

samples corroded under static conditions. The difference in

colloidal sizes between sample (b) and (c) in Figure 5.44,

was examined in Figure 5.46. In general, unstirred samples /

have larger colloidal precipitates than slowly stirred

samples and the variation in colloid size within the ,

transfoirm layer can cause stress gradients when dried.

The EDX spectra of different regions of the samples

corroded under flowing water are shown in Figure 5.47.

Compared with the bulk glass, the colloids in the transform

laver contain less F, and Al and have higher Ba/Zr ratios,

while La stays nearly the same, see (b). In (c), very

little F and Al were found in the top gel layer. This .*

ragi 'n is enriched in Zr and La while the Ba concentration AN -

is relatively low when compared to the remainder of the

transform layer.

4,
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Despite the high dilution conditions used, the high

solubility of Ba makes it possible to be measured by the ICP

solution analysis for the early stage of leaching. Figure

5.48 shows that both high temperature and room temperature

conditions experience a rapid increase in Ba concantration

in solution in a short time, which may be due to the rapid

dissolution of fines, surface irregularities and the initial

glass surface, which was reported composed of primnary F and

Ba atoms. 32 After a maximum in the leach rate Ba decreases

rapidly and drops to below the detection limit of the

instrument, i.e. 0.001ppm, after 30 minutes for room

temperature tests.

A fractured corroded ZBLA sample was polished for X-

ray line scan analysis to determine the composition profile

at the surface. Figure 5.49 shows the Zr, Ba, and F

profiles. The top of the transform layer, or the gel

layer (IV), is enriched in Zr and contains very little Ba

and F, while the bottom of the transform layer (III) which

has numerous large colloids exhibits a higher Ba/Zr ratio

which confirms the result of EDX spectra. The composition

of the pitted area (II) is basically the saine as the

unaltered base glass (I).

Based upon the observations that crystal precipitates

still occur on a glass surface if the stirring speed is not

high enough, that a gel layer forms with colloids of various

sizes within the transform layer causin1 stress gradients,

r • ]r'. -
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Figure 5.48. The Ba concentration in flowing solution at

the initial stage of leaching of ZBLA glass (a) 62.5*C; (b)
250 C.
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and that a variation of colloidal size is due to different

stirring speeds, a corrosion mechanism may be suggested.

For room temperature flow conditions, the bulk solution

pH value is usually maintained above 5.0. The glass

components have low solubility at this pH, with Ba higher

than the others. Since the solubility of ZrF 4 is low, the

leach rate of Zr, and the matrix dissolution rate, should be

low. This agrees with the fact that polishing ma.k6 stil"l.

can be seen on the surface of the transform layer.

The selective leaching of more soluble species, e.g.

Ba, plus very slow matrix dissolution processes are

responsible for the corrosion processes of fluorozirconate

glasses under this flow condition. The selective leaching

of soluble species causes numerous micropores which not only

allow water to penetrate into the glass but also create a

high S/V ratio condition within the transform layer which

could enhance the dissolution processes. Moreover, the

localized lower pH plus the stress concentration which

could occur in the porous transform layer produced by a non-

uniform attack of selective leaching, together with an

uneven size distribution of colloids within the transform ,.

layer can cause the extension of etched pits far into the

bulk glass, similar to the case of stress corrosion in

silicate glasses. 59 60  The mechanism of spontaneous

cracking for silicate glasses is believed to be due to the

high tensile stresses generated in the surface layer by the -

S.2
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contraction of the layer when alkali ions are replaced by

protons, i.e. ion exchange processes. The extent of the

contraction depends upon the rate of ion exchange and the

initial alkali metal content in the glass. In fluoride

glasses the pits can form because of a localized

accumulation of corrosion products which decrease the nearby

solution pH and accelerate dissolution process thus driving

the pits into the bulk glass. In our system, this

accelerated dissolution process may be coupled with stress

existing in the transform layer to form the pits. A porous

layer formation leads to severe cracking due to the large

shrinkage of the transform layer after drying, see Figure

5.55(a) in section 5.6.3.

The fact that ZrF 4 crystal precipitates form on the J

surface of samples exposed to flowing water suggests that

the diffusion of corrosion products in solution is still an

influencing factor to be considered in the leaching

processes, even under flow conditions. However, the most -

important clue to the precipitation process lies in the

solution pH gradient existing between the flowing solution

and the solution inside the micropores in the transform

layer.

In dynamic flow conditions, the transport process of

dissolved apecies is greatly enhanced by water flow. A

Moreover, the flow speed and the stirring speed determine

how rapidly and to what extent the solution in the A
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micropores is replenished, and how fast the corrosion

products are transported out of the glass. These two

parameters determine the distribution of corosion products

and thus the solution pH gradient. The solubility gradient

which results from a solution pH gradient can induce a

competing process which causes precipitation both inside the

transform layer, i.e. colloids, and outside the transform

layer, i.e. crystalline precipitates. The high effective

S/V ratio inside the transform layer and the accumulation of

corrosion products cause a lower solution pH in the

micopores which leads to higher leach rates resulting in a

large concentration of corrosion products in the solution in

the pores. While these dissolved species experience a

solubility gradient during outward diffusion from deep

inside the pores to the more freshly replenished solution

near the glass surface, they encounter a reduction in

solubility as they approach the glass surface. This will

cause a supersaturation condition in the lower solubility

regions. If the rate of solution replenishment can be fast

enough to lower the concentration of corrosion products by

transporting them into the bulk solution, then no

precipitation processes are expected to occur. Otherwise,

the amorphous colloidal particles will precipitate out -.

inside the transform layer. The region closer to the glass .. .*

surface experiences a reduced supersaturation because the

corrosion products experience a smaller pH gradient and have .5
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a shorter diffusion path to the bulk solution, thus the size

of colloids is smaller. Similarly, the crystal

precipitation on the glass surface is also affected by the
-I

"
.

interplay of a reduced solubility at higher pH values at the -

surface with increased transport rates in the dynamic flow

environments. Moreover, the electrokinetic influence

resulting from a zeta potential at glass surface can help

sustain the corrosion products near the surface and enhance -

supersaturation conditions as has been discussed in section

5.5, as long as the solution pH next to the glass surface is

in the appropriate range, i.e. lower than pH=4.38.

The formation of the amorphous colloidal precipitates .A

in dynamic flow conditions is not unexpected if one ,-

considers the relative supersaturation at which

precipitation takes place. Owing to the large pH gradient .-

in the solution adjacent to the glass surface, the relative

supersaturation remains high and yields one of the well

accepted conditions for forming amorphous precipitates.
46

The Zr, La enriched gel layer formed on the top portion

of the transform layer could contain large amounts of
,'.

metal-hydroxyl groups which may be expressed as ZrFx(OH)y

and LaFx(OH)y, and even some metal hydroxides can possibly

form because the higher solution pH near glass surface than

the' static conditions. Three experimental results can

support this hypothesis. First, the hydration/dehydration

studies, which will be discussed in section 5.7, show that a

10~~ ~~~~ IV1 I1 - - -
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large amount of metal-hydroxyl groups will form in corroded

samples, especially under flow conditions. Second, EDX

composition analyses shows that the gel layer is enriched in

Zr, La and has little Ba and F. This follows the relative

solubilities of barium hydroxide [(Ba(OH) 2.8H20] which is

very soluble in water,51-2 and Zr(OH)451 -3 and La(OH)3
51-4

which are not. Furthermore, colloidal precipitates in lower

t, nsform layer contain Ba, Zr, La, and F. Third, the

strong tendency of ZrF 4 to hydrolized at solution pH values

between 4-8 and forming hydroxide precipitate, which was

found during solubility measurements and zeta potential
measurement, suggests that the gel layer should contain Zr-

OH groups mainly with a small amount of La-OH groups because

of the low La content in glass. Some Zr(OH)4 and La(OH),

could possibly form, if the hydroxyl group concentration is

sufficient in the solution.

5.6.2. Corrosion Layer Formation-vs.- Time

To investigate the development of the transform layer

with corrosion time, thin ZBLA glass plates were used for

stirred flow experiment. Samples were exposed to flow for

different time periods then rinsed and fractured for SEM

observation.

Figure 5.50 shows that the thickness of the layer grows

with time. Since the flow rate was ample, (i.e. 608.4

ml/min..cm 2 ) and an intermediate stirring speed was used, no

IL1
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distinguishable colloids were formed in this layer. The

average thickness of these layers was measured and is shown

in Figure 5.51. The average transform layer thickness grows V

nearly linearly with time. This can be explained by the

effect of a reat-ely strong water flow which can rcpcnish

the pore solution fast enough to eliminate the precipitation

processes which otherwise occur at a slower stirring speeds

or slower flow rates. Moreover, owing to the rapid

replenishment of the pore solution the solution pH within Ma..

the transform layer does not experience any large excursion.

Thus, the leach rates of the glass components remain

relatively unchanged, which in turn produces a constant

1Slayer formation rate resulting from the near constant

difference of leach rates between glass components.

The layer formation rate measured by taking the slope-...

of the curve is much smaller when compared to that of the..-.

. early stages of static corrosion, which was conducted at S/V
.. Ja

= 1, see Figure 5.30. This is due to the different
0

corrosion mechanisms for these two conditions, which is "*-

mainly caused by the severe solution pH excursion resulting ..,

from the accumulation of corrosion products in static

conditions. However, the transform layer of the flow sample
-. %

has similar formation rate as that of the later stages of

static corrosion, where the precipitation inside the ->

transform layer of the staticly corroded sample can

partially block the diffusion paths in the transform layer

2 -e'
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and begin to interfere with the leaching processes.

5.6.3 Temperature Effect

A series of flow tests, with a flow rate of 638.2

mi/min.-cm2 , were also conducted at different temperatures,

which were controlled by a thermostated heat bath. The

development of a transform layer at different flowing

solution temperatures was monitored by SEM. The results are

shown in Figure 5.52. As the temperature is raised the

layer thickness increases, especially for temperatures

higher than 450C where the layer thickens drastically and

the microstructure also appears different. The average

thickness measurements are shown in Figure 5.53

as a function of corrosion temperature. Two distinct

* regions suggest different corrosion mechanisms for the
S

higher and lower temperature ranges, and a much higher

corrosion rate at temperatures above 450C. X-ray

diffraction analysis was conducted on the transform layer

formed at both high temperature and room temperature,

Figure 5.54 shows that ZrF 4 -H20 crystals can precipitate

within the transform layer for the high temperature

corrosion tests, while only an amorphous layer is formed at

room temperatures even after a long corrosion time.

The comparison of the suface topography between dried

ZBLA-F glass corroded at different temperatures is shown in

Figure 5.55. Besides different layer thicknesses, the

.0
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(a) Uncorroded glass

ZrF4-H2 0 crystal

(b) Stirred flow test at 780 C, 7 hours
Amorphous layer"V

(c) Stirred flow test ae 250C, 9.5 days "

5.54. X-ray diffraction spectra of the stirred flow
corrosion layer formed at different temperatures.
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surface of the sample corroded at high temperatures is

covered by more small colloids than the room temperature .

case. In both cases, the hydrated layer cracks severely

when dried due to the stress gradients existing in these

layers. Moreover, it also suggests that the porous

transform layer was formed by a leaching process. A closeup

of the hydrated layer formed at 650C in stirred solution is

shown in Figure 5.56. In addition to the pits at the

bottom, see (a), and the fine colloids on the top of th. -:i

layer, see (b), we find that this hydrated layer is composed

of fine colloidal particles around O.1m sizes, see (c) .J*.

Figure 5.57 shows the same glass corroded at 660C for two

hours in a flowing solution without stirring. In thi-s *aze,

two types of crystals have formed on the glass surface, see

(b), needle-shaped ZrF 4 crystal and rosette type Ba-Zr

crystal whose EDX spectra will be shown later. Small'

colloids were also formed on the surface, see (c). The

cross-sectional view of the corrosion layer is shown in

Figure 5.58. (a) shows that the transform layer is also "" "i

formed of fine particles and, (b) that the colloidal, size is

larger further away from the glass surface. There is

relatively more Dorosity at the bottom of the layer which

has a sponge-like texture, see (c), and which is formed by

severe selective dissolution and reprecipitation. Below tho

sponge-like reaction front, pits can also be found, see (d;.-

The results of EDX composition analyses of the polished Z:L3A
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6

sample which was leached for 6 hours at 670C in flow without w

stirring are shown in Figure 5.59. Compared to the bulk

glass, transform region 1, which is closer to the bulk

glass, has a higher Ba/Zr ratio while Al decreases signifi-

cantly. Transform. region 2- IS: . . c..os to :., or]iginal

glass surface has little Al and a much lower Ba/Zr ratio.

The rosette precipitate crystal has a high Ba/Zr ratio

without containing A!, which agrees with Lhe EDX -tudis o.

the similar crystal deposits reported by Frischat et al.
38

X-ray line scan analysis was conducted to show the composi- .["-

tional make-up of the whole layer. Figure 5.60 (c)

indicates that throughout the transform layer, Ba/Zr is

higiher than that of the bulk glass except in region 2, which

is close to the original glass suzface, and has a relatively .

depleted Ba and enriched Zr content. According tc X-ray

difiraction data, this region should be where most of

ZrF 4 .H20 crystals form, since the penetration depths of ti: ".

X-ray bcam in the reflection configuration should be only a

few microns. Fluoride (F) is relatively depleted throughout-

the transform layer, especially in region 2. Two differen:-

crystal precipitates on the glass surface were also shown i-

spectra having two different Ba/Zr ratios, that is low Ba/17 -,

for ZaF4 crystals and high Ba/Zr for Ba-Zr containing

rosette crystals.

The solubility of ZrF 4 is increased at higher tempera.-

tures 5 i -3 and the increase of BaF 2 solubility can also
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(a) bulk glass

AlIF

(b) transform region 1
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(c) transform region 2 '
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(d) rosette crystal
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Figure 5.59. EDX spectra of different regions in the

corrosion layer of ZBLA glass, corroded in D.I. water flow

at 670C for 6 hrs. without stirring. "A.,4
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be confirmed by the observed higher Ba leach rate in the

high temperature flow tests as shown in Figure 5.48. The

high leach rate combined with higher diffusion rate of

corro3ion species which normally occur with rising

te-meratures can cause a rapid increase in the overall

corrosion rate which is indicated by a thi.ckening transform -

layer. Moreover, the composition of the layer can also be

temperature dependent due to changes in the dissolution rate

or solubility of the glass components. Another important

factor which needs to be considered is the solution pH which

can be dramatically altered with the enhanced leach rate of

Zr species.

The precipitation of fine colloids can occur in the

transform layer owing to its thickness and the enhanced

dissolution. The larger and heavier Barium (Ba) species A

.will diffuse more slowly than the zirconium species (Zr),

thus forming a h-igh Ba/Zr ratio precipitate inside the layer

as the corz osion products encunter raizo pH value due to

the solution pH gradient in the pore solution. The precipi-

tation process occurs similarly to flow conditions at room

temperature. The transform region 2 is closer to the glass

surface, thus Ba species are relatively depleted while the

majority of the ZrF 4 -H20 crystals and the metal-hydroxyl

groups can form in this region instead of the high Ba/Zr

ratio precipitates. Similarly, a forced supersaturation

process by solution pH gradient plus an enhanced saturation

* - a - - - .- . w . 1 . - '. .V * .* . . •* - . • . • - - . . . . . - .. . . - . • . - . . . . - - . . - • . - .
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of the neighboring solution by the eletrokinetic effect of

the glass surface charge can cause rapid crystal precipita-

tion to occur on the glass surface if the transport

processes cannot disperse the dissolved species into the

bk solution. The growth rate of the transform layer seems

to slow down at higher temperatures, i.e. 800C, see Figure

5.53, which could be due to an interference of the thickness

of the precipitate-enriched transform layer with the

inerdiffusion processes of water and corrosion products.

However, r very thick corrosion layer is formed before the

growth rate drops.

5.7. Hydration/Dehydration Study -

Infared spertroscopy has been a commonly used technique *

to scudy the corrosion processes of fluorozirconate glasses

by measuring the peak change of the OH stretching (2.9 Wr or

3440 cm-I1 ) and HOH bending (6.1 rn or 1630 cm-l) vibration

Two series of the tests were conducted for this study:

room temperature flow and high temperature flow. Both

hydration and dehydration measurements were made with a

Fourier-Transform Infrared Spectrometer (FTIR). The change

of concentration of absorbing species was measured by .

cai'-C".Ing integrated areas instead of peak heights, ',

because the peaks broaden with time in addition to increas- -

inig in intensity, as has been pointed out by Sirmnons et ',

- ~ ** **j **. . . . .,r ~ ~ '
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al.. 1 8

e...
5.7.1 Static vs. Flow Condition

To investigate the extent of hydrolysis of fluorozirco-

nate glasses corroded under different ccndIicns, 7BLA-7

glass was corroded in both static and flow conditions. FTIR

transmission spectra were taken on rinsed coroded sample and

corosion layer formation was observed under SEM. Figure

5.61 shows the corrosion layer formed. The water penetra-

tion depths for both samples are nearly equal around 2.4 .un,

and a smooth transform layer is formed in the flow sample

due to selective leaching while a relatively rough transform-

layer is formed in the staticly corroded sample also due to

selective dissolution, with large ZrF 4 crystals. The -

infrared transmition spectra are shown in Figure 5.62.

Interestingly, although the OH/HOH ratio appears relatively

close, peak areas are very different and the flow sample

contains more molecular water and hydroxyl groups than the

staticly corroded sample. This result at first seems

unexpected if compared with the longer time test result,

e.g. 6 hours test in Figure 5.35. However it agrees with

the SIMS results for an one hour corroded sample reported by

Houser et al..22 These authors found that the rotated

sample has a deeper H profile than an unrotated sample. -No .5

conclusions can be drawn from this result, (1) The formation

of the transform layer in static corrosion is mainly
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affected by the accumulation of corrosion products with time

which causes the near surface pH to drop thus accelerating

the selective dissolution processes. This accelerated

dissolution process will increase as the transform layer

becomes thicker, because of larger S/V ratios within ths

layer. For short time static corrosion, the effect of

accelerated dissolution by pH drift is still not very

severe. In the early stage, the transform layer is still

thin and the corrosion products diffuse out easily. (2) In

flow tests, the large amount of solution used plus the high

stirring speed cause a replenishment of the solution both

near and within the transform layer, thus the region close

to the glass surface has greater difficulty reaching the

solubility limit of corrosion products if tne solution ,.

replenishing rate is high enough. Hcwever, owing

to the high solubility of BaF 2 and ZrF 4 the dissolution rate

is more limited by transport processess, i.e. solubility
limit, rather than surface reaction control 46 and thus the . .

dissolution rate of the glass components will increase as

their ccncentration in solution decreases below the -"

saturation level. Hence, in stirred flow condition the

selective leaching of soluble species, e.g. Ba, is actually

4 increased, if the complicated effect of solution pH

excursion which occurs in static condition is avoided. The

increase of selective dissolution rate of soluble species

can be supported by the fact that even though the average

a,*, '? do " , , ) v v '".\,.'.' .. . ,"2 € O € ,' . " V. , . " "
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* 0water penetration depth is about the same, the transform

layer of the flow sample contains much more molecular water

than that of the staticly corroded one, because the former

has more micropores formed by selective leaching in which to

hold the penetrating water.

The FTIR transmission spectra of pure D.I. water, see

Figure 5.63 show an OH/HOH integrated area ratio is 9.5. By

using this ratio as a standard, the separation of the

contributions due to molecular water and that due to metal-

hydroxyl groups in the hydroxyl vibration peak can be

achieved. With this in mind, from Figure 5.62, we can tell

that the transform layer of the flow sample has much more

molecular water than that of the staticly corroded sample. .

Moreover, it also contains much more metal-hydroxyls than

the staticly corroded sample. The possible metal-hydroxyl

groups formed has been proposed as ZrFx(OH)y and LaFx(OH)y

in section 5.6.1, Zr(OH)4 and La(OH) 3 are possible to form

due to their low solubility in cold water and the inter-

mediate pH range,51-3 ,4 while barium hydroxide is very

soluble and Al is mostly leached. And these hydroxides have
been experimentally proved to exist in the flow samples.61

The hydroxides are expected in the gel layer near the glass-

water interface. The result that the static corrosion

sample has fewer metal hydroxides in the transform layer can

be understood by knowing that both zirconium hydroxide and -

lanthanum hydroxide are more soluble in more acidic
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environments51-3,4 and that is the case in static

conditions.

5.7.2 Temperature Effect

A series of FTIR transmission spectra of leached ZBLA-F

samples was acquired. The samples were corroded for

different times of soaking in flowing D.I. water. The room

temperature hydration tests were conducted by using the same

piece of glass. After polishing, the sample was soaked in

the solution for 0.5 hr., after the removal for the measure-

ment sample was put in solution again for another 8.5 hours
6

before being removed for next spectrum. After two measure-

ments, the sample was polished again to remove the corrosion .

layer and then was used for 1.5 and 3 hours measurements

with the same procedure described above. The result is

shown in Figure 5.64. By using the OH/HOH ratio of pure -.-

water to separate the contribution of molecular water and

c-o..ribution of metal hydroxide to the hydroxyl stretching

band. The amount of penetration of water and the formation ,

of hydroxide as a function of tf are plotted in Figure 5.65.

The existence of hydroxide in the transform layer indicates

an ion exchange process between solution OH- groups and F-

in the transform layer of the glass. Suprisingly, it

contributes more to the OH band than molecular water does.

Moreover, the rate of hydroxyl groups formation increases

rapidly at the beginning and then levels off for the longer v,.

',
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times. This can be explained as a reduction of the solution

pH in the layer as it thickens thus making hydroxide forma-

tion more difficult. Another possibility could be an inter-

ference from the increased F- concentration in the transfr'rm.

laver. The penetration of water into the glass shows a

linear dependance on t2 at the early stage, and then de-

creases in slope, which could suggest that the rate of mole-

cular water penetration into the glass in the early stages

is a diffusion controlled process, while the slow down at

longer times could be due to a precipitation process

occurring inside the layer, which can partly block the

diffusion paths and begin to interfere with the leaching

processes. The same glass has been corroded at room

temperature for a long time, see spectrum (f) in Figure

5.64, shows two new peaks at 1351.4cm-1 and 1562.8cm -1 .

This may be due to the formation of metal-hydroxyl groups.

However, futher deconvolution work needs to be done to

;.cntify them -

Similar tests have been conducted at a higher

temperature, i.e. 560C. The FTIR transmission spectra are

shown in Figure 5.66. Hydroxide formation was also found

under this condition, see Figure 5.67, and occured much

faster than at room temperature at the very beginning of

corrosion. However, the rate of formation levels off

rapidly and may even decrease a little for after 3 hours.

The rapid decrease in the formation of hydroxides could be
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attributed to the enhanced leaching of glass components and

the thick layer formed added to a larger pH drift which in

turn decreases the formation rate of hydroxides. The

decrease of hydroxides in the 3 hour test could also be due ,.

to the spalling of the corrosion layer during the experime-

nt. Because ZrF4 -H20 crystals formed within the transform

layer and the layer is thick, it could have more H20 group

than for the room temperature test. However, the rate of

H20 penetration into the layer also levels off rapidly which

could be due to the large amount of precipitates formed

within the transform layer, slowing down the diffusion

processes.

After dehydration of the high temperature flow sample, a

new peak appeared at 1548.7cm -1 , see Figure 5.66(f), which

could be due to either oxide or hydroxide formation during

drying at high temperatures, i.e. up to 200 0 C, however, the

possibility of formation of ZrO 2 should be eliminated

because Zr(OH)4 will not dehydrate until heated above 500*C.

More work still needs to be done to identify this peak.

V,
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CHAPTER VII

CONCLUSIONS

In conclusion, the dominant factor controlling the

corrosion processes of the fluorozirconate glasses in water

is the solubility of the individual glass components,

especially that of ZrF 4 . Since zirconium fluoride (ZrF4 ) is

the major network former of fluorozirconate glasses, the

variation in solubility of ZrF 4 in different solutions

essentially results in the same variation in durability of

the whole glass. Because of the high solubility of the two

main components of fluorozirconate glasses, i.e. BaF 2 and

ZrF 4 , in water, these glasses are much less durable than

silicate glasses.

As found in raw material studies, the solubilities of

the glass components, i.e. ZrF 4 , BaF2 , LaF3 and AlF 3 , a-e a

atrcng function iF solution pH and exhibit a sharp increase

in the acidic range. This is the cause of the relatively

low durability exhibited by fluorozirconate glasses in

acidic solutions. In a solution having pH values higher

than 4.0, zirconium hydroxide tends t.o form in the solution

during the dissolution of ZrF 4 . Among the chemical

components of ZBLA glass ZrF 4 causes thc majority ot the

observed pH drop during leaching due to the hydrolysis of

189
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its dissolved species. When ZrF 4 and BaF 2 compounds are

mixed in solution according to the composition of ZBLA

glass, a Zr/Ba containing precipitate can form.

The glass begins to dissolve as soon as it comes into

contact with the water. After a short period of immersion,

the solution pH experiences a drop toward the acidic range

because of the hydrolysis of the dissolved ZrF 4 species and

ion-exchange processes wnich occur between hydroxyl groups

(OH-) in solution and the fluorine ions (F-) in the glass to

form metal-hydroxyl (M-OH) groups in the glass. The leach

rate of the glass components increases when the solution pH

decreases due to the higher solubility of all the components

in acidic environments. Zr(OH)4 and La(OH) 3 may form in the

early stages of corrosion, owing to their relatively low

solubility in water, when sufficient hydroxyl groups exist

in the solution. However, the rate of formation of these

metal-hydroxyls in the transform layer of the leached glass

i' reduced as the solition pH drifts down.

The degree of the solution pH excursion will dramaticly

affect the leaching process of the glass. Therefore, the N

glass surface area to solution volume ratio (S/V) has to be

considered because the higher the S/V ratio the more rapid

will be the solution pH drop. In pH2 solution, the glass %

will experience severe matrix dissclution leaving broaO and

extensive grooves on the glass surface, and the saturation/

reprecipitation processes are accelerated. In pH4, 6 and 8

V V5V
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solutions, selective leaching of the more soluble species in

the glass cause the formation of a transform layer on the

glass surface. The rate of formation of this transform

layer is much higher in pH4 than in solutions of higher pH.

In pHl0 solution, no transform laver is fuund. The on.'iv

visible corrosion is in the form of pits on the surface due

to selected matrix dissolution.

In stagnant conditions, the accumulation of the N

corrosion products in the solution and ion exchange process

at the glass surface cause a rapid, marked solution pH drop. -

Surface pH measurements show two plateaus in the curves of

solution pH drift vs. time. The first one, occured between

pH4-3.45, and is due to the buffering effect of HF which can

be shown as follows:

H+ + F- HF pK= 3.45

Thc sccond plateau, occured between pH2-l.6, s att-rbuted

to the buffering effect of the dissociation of hydroxyl

groups from the hydrolyzed species which can be shown as

follows:

ZrF(OH)2
+  ZrF(OH)+ 2 + OH-

ZrF 2(OH) 2 2 ZrF 2 (
OH)+ + OH-

ZrF 2 (OH)2  ZrF 2
+ 2 + 20H- •

P ,
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In stagnant conditions of intermediate S/V ratio, the

glass begins to dissolve as soon as it contacts water,

preferentially at the concave regions in the surface. Water

penetrates into the channels formed by selective dissolution

to further react ,,with the glass and also to form a locally

hign effective S/V ratio inside these pores which can

further enhance the leaching process. The adjacent solution V

can reach saturation rapidly and crystals will reprecipitate

from the solution on the glass surface. The type of crystal

precipitated depend upon the composition of the solution and

the relacive degree of supersaturation. Different crystals

precipitate in sequence instead of simultaneously. Three

types of crystals have been identified to be ZrF 4 , c-BaZrF6

and BaF 2 crystals existing in the precipitation layer. ZrF 4

crystal precipitation usually precedes the others.

The precipitation layer thickens with corrosion time.

The electrostatic attraction forces, resulting from the

oiu'**cc th- leached glass and precipitated

crystals and/or between the different types of precipitated *-. £

crystals, cause the formation of multiple layers of

precipitates on the glass surface rather than in the

solution. The structure of the precipitation layer is so

porous that it plays only a minor role as a diffusion

barrier against iurther leaching.

The transform layer, produced by selective dissolution

of the soluble species from the glass, thickens with
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corrosion time rapidly in the early stage of corrosion and

slows down for the longer times. No steady state was

reached within the experimental time. The microporosity S

formed in this layer creates a high effective S/V ratio

condition for the solution in the pores, and thus

accelerates the dissolution process. The thick transform

layer can act as a diffusion barrier for the dissolved

species causing supersaturation/reprecipitation processes to

occur within this layer and slow down the leaching process.

This layer contains higher Ba/Zr ratio than the bulk glass

due to the precipitates inside the transform layer.

However, the region next to the glass surface is relatively

depleted of Ba because of the shorter diffusion path to

transport the corrosion products through the porous

precipitation layer into the bulk solution.

Under very low dilution conditions, the glass behaves

similarly to corrosion in a highly acidic environment, whe-r c'

very severe matrix dissolution will occur. Oniy a.-BZrF,:
vS

crystals was observed in this case.

In dynamic flow conditions, the transport processes are

enhanced by solution flow. Therefore, tLle extraction rates

of soluble species from the glass are higher than those in

static conditions. The stirring speed and the flow rate

determine the rate of removal of the corrosion products frcm

the glass through the pore channels in the transform layer.

When the stirring speed is high enough, very few cclioidal
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precipitates will form in the transform layer and the

solution pH does not experience a large drop, thus the leach

rate of the glass components remain relatively unchanged and L

the average thickness of the transform layer grows nearly

linearly with time. if the stirring seeed is not high

enough, amorphous colloids, which have a composition of

higher Ba/Zr ratio than the bulk glass, will precipitate in

the transform layer. The average size of the colloids

varies with stirring speed. Moreover, there is a size .'

distribution of the colloids in the layer with the region

closer to the glass surface having smaller colloids. The

glass solubility gradient, resulting from a solution pH

gradient, thus causes the precipitation of the colloids

inside the transform layer. Furthermore, crystalline

precipitates, such as ZrF 4 , can form on the glass surface,

the stirring speed is slow, by a supersaturation/

reprecipitation process due to additional concentration

.L~~L~ ~,ir, thc: zczrc adjacent to the alass surface.

The electrokinetic influence, resulting from the zeta

potential at the leached glass surface, can help to maintain

the corrosion products near the surface and enhance

supersaturation conditions and thus facilitate

precipitation processes on the glass surface.

The Zr and La enriched gel layer, formed at the top

portion of the transform layer, contains large amounts of

metal-hydroxyl groups (M-OH), due to an OH/F ion-exchange

1W
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process. In this layer Ba, Al and F are depleted. Below 1

the transform layer, numerous pits can be found. These can

be produced by a localized accumulation of corrosion S

products together with the stress existing in the transform

layer. T'£e formation of the porous tran.s om layer ±ea.- •r:

severe cracking due to the large shrinkage of the layer

after drying.

In room temperature flow conditions, the rate or

formation of M-OH groups increases rapidly at the early

stage of corrosion and then levels off for the longer times;

which could be explained by the reduction -f the solution pH4

in the transform layer as it thickens. The penetration of
•S

water into the glass, in the early stage, :s a diffusio-. 1-h-

controlled process, while the precipitation process .,

occurring, at longer times, inside the transform layer, is

much slower due to partial blocking effects. The FTIR

transmission spectrum of a sample corroded in flow at room
*: ,%

:emper= :' for 9.5 days, two new peaks ;t 1351.4 cm,-- l a,,

i562.8 cm -1 were found, which could be due tc the metal-

hydroxyl groups formation in the thick transform layer

during long corrosion time. .

The corrosion under high temperature flow conditions

occurs much faster than at room temperature, owing to the

increased solubilities of the glass components and the

higher diffusion rates. A thick transfoi-m layer forms. Phe -

top portion of this layer contains ZrF 4 .H2O crystals and the .
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majority of the metal-hydroxyl groups, while the remainder

of the layer has a composition of higher Ba/zr ratio than

the bulk glass due to precipitation inside the layer. The

solution pH gradient between tb pore s lution and the bulk

solution has the sim-lar etfect of enh;cing

supersaturation/reprecipi4ati.on processes as observed under

room temperature flow conditions.

The formation of M-OH groups in the transform layer

occurs much faster than at room temperature during the early

stages of corrosion. The rate then levels of rapidly for

the longer times. This rapid decrease in the formation rate

could be due either to the formation of a thi'ck layer or to

the enhanced leaching which may cause a mcce rapid decrease

in solution pH.

A new peak appears around 148.7 cmL in the FTIR

transmission spectrum of a dehydrated high temperature flow

sample, which could be due to the M-OH groups formed duting

.7.

* k
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